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by J. M. Sellen, Jr., and Robert F. Kpmp 
T R W  Systems 
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I. LNTRODUCTION 
The program of research under Contract NAS3-6276, Research on 
Ion Beam Diagnostics, has been directed toward several problem areas. 
ilnese have included the interactions of material surfaces with streaming 
plasmas, the acceleration of ions in a streaming plasma by an impulsive 
electric field, analytical and experimental studies of the properties of 
electron emissive probes, and the generation and conduction of neutralizing 
electrons from a discharge neutralizer to an ion thrust beam. 
The results of these several programs are summarized in Section 11, 
Program Review, and are detailed in the technical reports and published 
papers included in Section 1x1. 
performance of electron emissive E-field meters is included as an Appendix 
to this report. 
under a separate program, but is relevant to ion beam diagnostics research, 
and is included in this report for completeness. 
In addition, a manuscript detailing the 
The work described in this Appendix has been conducted 
SECTION 11. 
PROGRAM REVIEW 
I1 PROGRAM REVIEW 
The first aspect of the  program of research is reviewed i n  
Section III.a, and considers t h e  in t e rac t ion  of so l a r  cel l  a r rays  i n  
d i l u t e  streaming plasmas. 
a "bare" solar c e l l  (i.e., without a pro tec t ive  cover g lass ) .  
demonstrated that drainage currents from t h e  d i l u t e  plasma t o  t h i s  
solar array would impose severe pena i t i e s  aga ins t  t he  operation of 
t he  array,  with power lo s ses  ranging t o  t h e  level of 50% of t h e  t o t a l  
ava i l ab le  power f o r  plasma conditions simulating t h e  more dense port ions 
of t h e  space plasma and f o r  maximum po ten t i a l s  i n  the  so l a r  a r r ay  of the  
order of k i lovol t s .  For plasma conditions simulating regions of the  
space plasma of lesser dens i t i e s  (%lo4 ions/cm ), operation of t h e  bare  
a r ray  a t  high output po ten t i a l s  would become to l e rab le  although, perhaps, 
a des i rab le  operating condition would not ye t  be obtained. 
t he  magnitudes of t h e  space plasma densi ty ,  t h e  a l t i t u d e  regime below 
10,000 kilometers would possess, i n  general ,  a plasma s u f f i c i e n t l y  dense 
t o  r u l e  aga ins t  t h e  use of a high po ten t i a l  bare  s o l a r  array.  
a r r ay  with cover glasses ,  the  cur ren t  dra ins  are subs t an t i a l ly  reduced. 
However, t h e  ex ten t  of t he  plasma sheaths connecting t h e  remaining exposed 
poin ts  of t h e  s o l a r  a r ray  t o  the  plasma ranges considerably beyond t h e  
physical s i z e  of these exposed points .  I n  tests of modules of a s o l a r  
cel l  a r r ay  with these "connecting tabs" exposed and with an aerospace 
sea lan t  placed over t h e  tabs ,  a subs t an t i a l  reduction i n  t h e  cur ren t  d ra in  
from t h e  plasma was noted fo r  t h e  "painted" module. 
be t h e  recommended procedure f o r  an operating so la r  a r r ay  t o  minimize 
current drains from the  plasma. As a concluding aspect  of t h i s  f i r s t  
study, the  possible  surge cur ren ts  i n  a so la r  a r r ay  powering an ion  
th rus t e r  system were considered f o r  that f a i l u r e  mode i n  which neu t r a l i ze r  
cur ren t  is  suddenly interrupted. 
would not  occur unless  t he  ion turnaround condition resu l ted  i n  an arc 
between t h e  ion source and the acce lera t ing  electrode.  
The f i r s t  configurat ion t e s t ed  w a s  t ha t  of 
It w a s  
3 
Considering 
For an 
This treatment would 
Excessive cur ren ts  i n  t h i s  f a i l u r e  mode 
However, a sudden 
1 
r e s to ra t ion  of t h e  neut ra l izer  capab i l i t y  could r e s u l t  i n  a damaging 
current  surge i f  t h e  emission l imited neu t r a l i ze r  cur ren t  i s  s u f f i c i e n t l y  
large.  
The second port ion of t h e  ove ra l l  program of research is  reviewed 
in Section XXI.B, Plasma Impellers-Thrust and Erag Devices Gt i l i z ing  the 
Dilu te  Plasma of Space. Here, as i n  t h e  preceding s tudies ,  described i n  
Section III.A., t he  plasma wind tunnel  w a s  u t i l i z e d  t o  simulate the  
ordered plasma flow which w n d d  n b t s b  hetseenl an n r b l t i q  spacecraft 
and the  r e s iden t  plasma i n  space. 
impeller which was  examined, only steady s ta te  po ten t i a l s  w e r e  applied 
t o  the  elements of t he  impeller. 
t he  plasma ions with comparatively s m a l l  voltages.  
vehic le  i n  a near e a r t h  o rb i t ,  a moderately s ized impeller (of t h e  order 
of 1 square meter) would provide s u f f i c i e n t  drag fo rce  t o  produce angular 
acce lera t ions  i n  t h e  m i l l i r a d i a n / s e c 2  t o  microradian/sec2 range f o r  a 
va r i e ty  of spacecraf t  configurations.  
be capable of a v a r i e t y  of a t t i t u d e  controlmaneuvers.  
configuration of t h e  impeller the  po ten t i a l s  applied t o  the  elements of t h e  
impeller are time varying. 
under proper phasing conditions t o  provide e i t h e r  a th rus t  o r  a drag 
force.  
erated i n  t h e  d i r ec t ion  of t h e i r  motion upon en t ry ,  while i n  the  drag 
mode the  ions are ref lec ted .  
I n  t h e  f i r s t  configurat ion of t he  
These steady s ta te  po ten t i a l s  r e f l ec t ed  
Employed on a space 
Such drag fo rces  would ce r t a in ly  
For t he  second 
Such time varying po ten t i a l s  may be u t i l i z e d ,  
In t he  thrus t ing  mode the  ions enter ing t h e  impeller are accel- 
The t h r u s t  l e v e l s  per  square area of t h e  
impeller i n  t h i s  second condition of operation could, i n  pr inc ip le ,  range 
up t o  two orders  of magnitude above t h e  steady-state p o t e n t i a l  operation 
as a simple plasma r e f l e c t o r .  
pulsed impeller d id  demonstrate t h e  acceleration, t o  subs t an t i a l  energies,  
of a f r a c t i o n  of ions entering t h e  impeller.  
t o  have been generated, although not ,  perhaps a t  t h e  f u l l e s t  levels 
indicated as poss ib le  f o r  the calculated cases of operation. 
operation of such an impeller would r equ i r e  not only that t h r u s t  be created,  
but also t h a t  t h e  input power t o  t h e  impeller be t ransfer red ,  i n  the  main, 
t o  t h e  ion flow, and, while ion acce lera t ion  was  demonstrated, an e f f i c i e n t  
condition of acce lera t ion  was not a t ta ined .  
Experiments i n  t h e  t h r u s t  mode of t h i s  
Overall t h r u s t  would appear 
The e f f i c i e n t  
2 
The third portion of the overall program of research is presented 
in Section III.C., which treats the measurement of plasma potentials by 
electron emissive probes. While the emissive (or hot) probe was suggested 
by I. Langmuir in the same period in which the cold (conventional Langmuir) 
probe xas ffist described, the intervericg period of sme four decades has 
seen almost a total absence of emphasis on the use of the hot probe. 
general use of the cold probe may be prompted by the comparative ease of 
its fahrlcation, in that no heating circuit is required, and by the general 
desire to extract from the probe information on the particle temperatures 
and plasma densities. The hot probe does not appear to possess the capa- 
bility for these determinations that are obtainable by the now well 
standardized cold probe techniques. However, the hot probe possesses 
marked advantages over the cold probe in its ability to determine the 
plasma potential and to detect shifts in the potential. 
perature necessary to create an emissive condition for the tungsten wire 
(%25OO0K) insures that the wire surface is that of clean tungsten and 
thereby eliminates the gross uncertainties in plasma potential measure- 
ments which can be caused by contact potential effects on the surfaces 
of cold probes. The accuracy of potential measurements from the hot 
probe is, moreover, advanced by the very sharp break which occurs in 
the emissive characteristic as contrasted to the comparatively rounded 
The 
The surface tem- 
knee" in the conventional Langmuir probe trace. For this reason, plasma I 1  
potential measurements with emissive probes may possess an accuracy of 
%.01 volt, provided the plasma to be diagnosed is, itself, constant in 
potential within this increment. 
detecting shifts in the plasma potential of this order of magnitude even 
if the frequency of such changes ranges into the megacycle region. In 
summary, the emissive probe possesses advantages in potential measurements 
which greatly broadened the capabilities of plasma diagnostics. The manu- 
script presented in Section 1II.C. details these capabilities from both an 
analytical and experimental point of view. 
in the April issue of the Review of Scientific Instruments and, it is 
believed, constitutes the first definitive publication on the emissive 
probe. 
The hot probes are also capable of 
This paper will be published 
I 
I 
SECTION 111. 
TECHNICAL REPORTS AND PUBLISHED PAPERS 
The concluding portion of the program of research is the investi- 
gation of cesium and mercury discharge neutralizers. 
reviewed in Section 1II.D. The initial effort with the discharge neutral- 
izer was directed toward a miniaturized electron bombardment configuration 
from which the electron component, rather than the ion component, was 
extracted. While this configuration provided electron currents in the 
ampere range, it did not provide an effective utilization of the gas 
introduced into the discharge region. Following the results of Ernstene 
with the cesium "plasma bridge" neutralizer, the orifice of the electron 
source was diminished and the inlet gas was changed to cesium from the 
utilized (for convenience) argon gas loading. This reconfigured discharge 
electron source allowed both the separate confirmation of the Ernstene 
results and the extension of the diagnostic treatment to include plasma 
potential measurements and electron temperature measurements. 
emissive probe measurements indicated a plasma potential in the interior 
of the discharge neutralizer of %l volt negative with respect to the plasma 
column exterior to the source. The electron temperatures measured in the 
exterior plasma column were %80OO0K. Following this first portion of the 
neutralizer investigation, the gas loading was changed to mercury. Since 
mercury no longer yields the electron emissive surface conditions resulting 
from the cesium gas, an emissive coating on the neutralizer interior was 
required. 
mercury discharge neutralizer and did provide successful operation through 
a test of 100 hours in duration. The extraction of the electron current 
in this test was performed by a metal collecting plate. 
device indicates that similar results to those obtained for the cesium 
discharge neutralizer may be expected for mercury, and that a potential 
for the requisite longevity also exists in the mercury device. 
This work is 
The floating 
An oxide coated nickel cathode was used in the first such 
Operation of this 
4 
SECTION I1I.A. 
OPERATION OF SOLAR CELL ARRAYS I N  DILUTE 
STREAMING PLASMAS 
OPERATION OF SOLAR CELL ARRAYS IN DILUTE 
STREAMING PLASMAS 
J. M. Sellen, Jr. and Robert F. Kemp 
The interaction between the solar panels of a spacecraft and the 
ambient space plasma is one of a general group of problem related to the 
interaction between material surfaces and streaming plasmas. Because the 
solar panel is not a "simple" surface, i.e., does not possess a single 
uniform characteristic conductivity or work function, but, rather, may be 
a mixture of conducting and non-conducting surfaces, the observed inter- 
action between the plasma and a particular solar panel configuration cannot 
be generalized. There are, however, certain aspects of the interaction 
which may be discussed in general. 
The primary concern in the plasma-solar panel interaction is the 
current flow from the plasma to the elements of the solar cell network and 
the effect which this particle flow has upon the spacecraft potential rela- 
tive to the plasma. 
of "bare" solar cells, i.e., cells without protecting cover glasses. 
will be assumed initially that the current f l o w  from the plasma to the 
various portions of the solar array does not result in changes of the poten- 
tial difference between the plasma and a particular cell in the array. If 
the cell is positive with respect to the space plasma, an electron current 
will flow from the plasma to the cell. 
sheath over the surface of the cell is small compared to the overall dimen- 
sions of the solar cell array, the magnitude of this current will be given by 
The first configuration to be considered will be that 
It 
If the thickness of the plasma 
z -  eve 
je 4 '  
where p 
For peak plasma densities of -2 x 10 
(2500OK electrons), the resulting current would be 
is electron charge density and v is rms electron thermal velocity. 
7 e 6 e electrons/cm3 and v = 3 x 10 cm/sec e 
2 je s 2.4 uA/cm . 
1 
The electrons which flow from the plasma to the cell are accel- 
erated to an energy eVc where V In the 
eventual return of the electrons to the plasma, to be discussed later, 
this electron kinetic energy at collection is non-recoverable, and an 
energy expenditure of eV per electron is imposed. From j and this 
C e 
accelerating potential, the power l o s s  due to the current flow becomes 
is the potential of the cell. 
C 
3 3 3  Now, for V = 10 volts and a total cell area of 10 cm (-1 sq. ft.), 
the total power loss is - 2 . 4  watts. 
2 
ft , this power drain represents a loss of -25  percent of the available 
power. A solar cell array extending to 2500 volts (for example, to provide 
a direct power lead to the ion source electrode of an ion thrustor) would 
suffer a loss of -63 percent of the generated power due to this current 
from the plasma to the solar array. 
C 
For solar cells providing 10 watts/ 
There are several methods by which this power drain could be 
lessened. 
potential differences from the plasma and to provide the requisite power 
conditioning if higher bus voltages were required for an ion thrustor. 
example, at Vc = 100 volts, the power drain would be -.24 watts/cm , and 
the loss would be - 2 . 5  percent of the available power. 
would be to operate the solar cell so that it is negative with respect to 
the space plasma. 
resulting current density would be reduced by an order of magnitude from the 
electron collection current. 
to the vehicle velocity, the relevant streaming velocity is 
The first of these is to operate the solar array at smaller 
For 
2 
A second method 
The current carriers now collected would be ions and the 
Since the ion thermal speed is small compared 
6 6 3 2 For v = 10 cm/sec and n+= 2 x 10 ions/cm , j+ ss .32 pamps/cm . For 
V = -10 volts the power drain due to collected ion currents would be - . 3  
watts/ft , and the power loss is - 3 percent of the available cell output. 
This approach would require a voltage inverting system if the eventual 
3 
2 
veh 
C 
2 
I 
power requirement must be delivered a t  l a rge  pos i t i ve  poten t ia l s .  
concern i s  the  f a c t  t h a t  t h e  current carriers reaching t h e  so l a r  ce l l  surfaces  
are high energy ions which may cause sput te r ing  damage. 
Of fu r the r  
The next f ea tu re  t o  be t rea ted  i n  the discussion is t h e  dens i ty  cf 
t h e  space plasma. 
u t i l i z e d  an ambient plasma densi ty  of - 2  x 10 
sities are a t ta ined  i n  the  ionosphere, they are l imited t o  daytime conditions 
and occur only through a l imited range i n  a l t i t u d e .  
kilometers o r  so a more representat ive value of t h i s  densi ty  would be i n  t h e  
range o f k 1 0  ions/cm . Under the expressions previously u t i l i z e d  f o r  power 
drains ,  the  reduction i n  P and p by an order of magnitude would reduce the  
corresponding power lo s ses  by an order of magnitude. 
Langmuir probe co l l ec t ion  theory, u t i l i z e d  i n  the  cur ren t  dra in  equations, 
may not,  however, remain applicable as the  ambient plasma becomes more and 
more d i l u t e .  
cell-to-plasma sheath and the  reduction of the  plasma densi ty  act together 
t o  increase the  e f f e c t i v e  area of co l l ec t ion  of cur ren t  carriers from the  
plasma. This increase i n  the  co l l ec t ion  area removes t h e  normal sa tu ra t ion  
f ea tu res  of the  planar Langmuir probe and leads  t o  cur ren ts  which exceed 
those derived from planar Langmuir probe theory. 
ac tua l  power d ra ins  now exceed those calculated from p+, v 
t h e  earlier expressions is  complicated, depending upon the  p o t e n t i a l  d i f f e r -  
ences between the  plasma and t h e  so l a r  c e l l ,  t he  dimensions of t h e  s o l a r  
array,  t he  plasma densi ty  and ion and e lec t ron  temperatures, the  spacecraf t  
ve loc i ty  and t h e  o r i en ta t ion  of the s o l a r  a r r ay  i n  t h e  plasma flow. 
so many parameters are involved, no attempt w i l l  be made here  t o  der ive  
est imates  of t h e  power dra ins  as funct ions of t he  several var iab les ,  and 
the  discussion w i l l  merely poin t  out t h a t  t h e  power d ra ins  indicated from the  
planar Langmuir probe theory represent  only lower bounds t o  the  losses .  
summary, while t he  reduction of p+ and p tends t o  lower the  power losses ,  
t he  reductions w i l l  not follow t h e  diminution i n  p exactly. An increase  i n  
e f f e c t i v e  co l l ec t ing  areas of charge carriers from t h e  plasma a t  lower 
plasma d e n s i t i e s  w i l l  tend t o  produce non-negligible power lo s ses  i n  the  
dens i ty  range of lo5 ions and electrons/cm . 
The calculated power dra ins  discussed thus f a r  have 
6 3 ions/= . While such den- 
A t  a l t i t u d e s  of 1000 
5 3 
+ e 
The simple planar 
The existence of large p o t e n t i a l  d i f fe rences  across  t h e  s o l a r  
The extent  t o  which the  
v e t c .  by +’ e’ 
Since 
I n  
e 
3 
3 
For the  a l t i t u d e  ranges i n  which plasma d e n s i t i e s  become of t h e  
order of 10 ions and electrons/cm o r  less, the  power losses ,  even a t  
l a rge  ce l l  p o t e n t i a l s  and w i t h  bare  c e l l s ,  are not l i k e l y  t o  be of 
importance. 
w i l l  no longer have significant power d ra ins  because of p a r t i c l e  co l l ec t ion  
from t h e  plamna. 
4 3 
Thus, a so l a r  array a t  a l t i t u d e s  of severa l  thousand kilometers 
A f i n a l  considerat ion i n  the  ca lcu la t ion  of cur ren t  flow from t h e  
piasma t o  the solar a r ray  is that of e protectil,re c m e r h g  m e r  the sur faces  
of t h e  cells. 
not  be discussed here,  s ince  these f a c t o r s  of t h e  technology are s t i l l  i n  
t h e  process of change. 
the  pro tec t ive  coating by t h e  s o l a r  c e l l  p o t e n t i a l  r e l a t i v e  t o  the  plasma 
is not s u f f i c i e n t  t o  cause breakdown. In t h i s  condi t ion t h e  outer  surface 
of t h e  pro tec t ive  coating would acquire  a surface charge from t h e  plasma, 
but t he re  would be no steady s t a t e  cur ren t  flow and no power lo s s .  
cover g lasses  over t he  ce l l  surfaces would act as a "d ie lec t r ic"  i n  a 
"pa ra l l e l  p l a t e  capacitor" i n  which one e lec t rode  i s  t h e  s o l a r  c e l l  and t h e  
other  "electrode" is t h e  plasma. 
The r e su l t i ng  increase i n  t h e  weight of t he  so l a r  a r r a y  w i l l  
It w i l l  be assumed that t h e  vol tage  imposed across  
The 
This is  i l l u s t r a t e d  i n  Fig. 1. 
The f a c t  t h a t  cur ren t  flow through the  cover g l a s ses  is not permitted 
does not mean that p a r t i c l e  currents  w i l l  not  flow between the  plasma and 
the  so l a r  ce l l  a r r ay  f o r  a conventional s o l a r  panel construct ion.  
covering of t he  so l a r  cel l  surfaces s t i l l  leaves uncovered conducting por- 
t i o n s  of t he  so l a r  cell  network, p r inc ipa l ly  i n  t h e  interconnect ing t abs  
from ce l l  t o  cell.  
d i f fe rence  between t h e  connecting t ab  and t h e  plasma, t he  e f f e c t i v e  area of 
p a r t i c l e  co l l ec t ion  may exceed many times t h e  exposed area of t h e  connecting 
tabs.  
which represent  only a few percent of t h e  t o t a l  c e l l  area can s t i l l  r e s u l t  
i n  p a r t i c l e  co l l ec t ion  currents  of t he  l e v e l  ca lcu la ted  earlier. 
t i o n  i s  i l l u s t r a t e d  i n  Fig. 2. 
The m e r e  
Because of t he  low plasma dens i ty  and the  l a rge  p o t e n t i a l  
For t h i s  reason, t h e  presence of exposed areas of t he  s o l a r  ce l l  a r r ay  
This condi- 
The e f fec t iveness  of the p a r t i c l e  co l l ec t ion  by these exposed t abs  
was i l l u s t r a t e d  by the  plasma-solar ce l l  i n t e rac t ion  f o r  panels u t i l i z e d  on 
the  OGO spacecraf t .  Fig. 3 i l l u s t r a t e s  t h e  so l a r  c e l l  module and var ious 
4 
SOLAR CELL 
/ COVER GLASS 
NO POTENTIAL DIFFERENCE 
SOLAR CELL 
/ COVER GLASS 
CELL POSITIVE WITH RESPECT 
TO PLASMA 
Figure 1. Sketch Shows How A Capacitor Is Formed By A 
Solar Cell With Cover Glass In A Plasma 
SOLAR CELL 
/ ,COVER GLASS 
CONNECTING TAB 
FLOW 
Figure 2. Sheaths Over Exposed Connecting Tabs In A 
Solar Cell Array May Have Much Larger 
Electron Collecting Area Than The Tabs 
5 
' .- 
6 
components of t h e  array.  When t h i s  module was placed i n  the  streaming 
plasma flow of a plasma wind tunnel the  current-voltage c h a r a c t e r i s t i c  
i l l u s t r a t e d  by the  so l id  curve i n  Fig. 4 w a s  obtained. After  t he  connect- 
ing t abs  w e r e  painted with an aerospace sea lan t  (Dow-Corning 170), t he  
current  co l lec t ion  was rsduced t o  the dashed curve i n  Fig. 4- 
ence of t h i s  so l a r  ce l l  co l lec t ion  current  upon the spacecraf t  p o t e n t i a l  
w i l l  be discussed i n  a la ter  paragraph. 
The inf lu-  
so l a r  cell  panel, supplied by NASA/LeRC, w a s  a l s o  placed A $Ibare:: 
i n  the plasma wind tunnel. 
obtained in  t h i s  plasma flow a r e  given i n  Fig. 5. 
po ten t i a l  above severa l  hundred v o l t s  produced prohib i t ive  current  d ra ins  
from t h e  plasma streams ending i n  complete d is rupt ion  of t he  plasma flow. 
The experiments demonstrated, a t  least qua l i t a t ive ly ,  t h a t  t he  cur ren t  d ra ins  
from the  plasma t o  a bare so la r  ce l l  a r r ay  would r e s u l t  i n  l o s ses  of t h e  
g rea t e r  p a r t  of the  ava i lab le  power from the  so l a r  array.  
Portions of current-voltage co l l ec t ion  curves 
Elevation of t h e  c e l l  
The discussion t o  t h i s  po in t  has considered that t h e  s o l a r  ce l l  
po ten t i a l  r e l a t i v e  t o  the  plasma is  not a f fec ted  by t h e  flow of p a r t i c l e s  
from the  plasma t o  t h e  cel l .  
i so la ted  body, t h e  co l l ec t ion  of a p a r t i c l e  current  of one p o l a r i t y  must 
be accompanied by t h e  release of a p a r t i c l e  current ,  similar both i n  p o l a r i t y  
and magnitude, o r  by the  co l lec t ion  of another current  of opposite po la r i ty .  
For an "active" spacecraft  such as one bearing an ion engine, t he  release 
of p a r t i c l e  cur ren ts  which may balance t h i s  current  co l l ec t ion  by the  s o l a r  
a r r ay  is  possible.  An i l l u s t r a t i o n  of such a possible  process i s  given i n  
Fig. 6 .  It should be noted, however, that t h e  release of an e x t r a  cur ren t  
of e lectrons,  as i n  Fig. 6 ,  can only be accomplished by a va r i a t ion  of t h e  
spacecraf t  po ten t i a l  relative t o  t h e  plasma away from t h a t  value which 
would exist i f  no cur ren t  drain t o  the  s o l a r  a r r ay  exis ted.  Although such 
po ten t i a l  s h i f t s  may not necessar i ly  need t o  be la rge ,  t h e i r  occurrence 
could lead t o  d i f f i c u l t i e s  i f  t he  spacecraf t  had a s c i e n t i f i c  payload. For 
t h i s  reason, minimization of current  d ra ins  t o  t he  s o l a r  a r r ay  is  des i rab le ,  
even i f  the power dra ins  associated with t h i s  p a r t i c l e  flow are no longer 
of s ign i f i can t  magnitude t o  a f f ec t  the ove ra l l  e l e c t r i c a l  e f f ic iency  of the  
thrus tor .  
Since t h e  spacecraf t  i s  an e l e c t r i c a l l y  
a 
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For a "passive" spacecraft  which cannot discharge p a r t i c l e  cur ren ts ,  
t h e  co l l ec t ion  of a current  by the s o l a r  c e l l s  can cause a major d r i f t  i n  
t h e  spacecraf t  po ten t i a l  r e l a t i v e  t o  the  plasma. 
i n  Fig. 7. I n  the  experience gained with the  OGO-spacecraft, t h e  co l l ec t ion  
of e lec t rons  by the exposed connectlng tabs of the so la r  cells (2 +35 v o l t  
network, the  negative end of which i s  connected t o  the  spacecraf t )  caused 
t h e  c r a f t  t o  a t t a i n  an equilibrium p o t e n t i a l  of --15 v o l t s .  
t abs  of t he  s o l a r  cel ls  of a second OGO spacecraf t  w e r e  t r ea t ed  with t h e  
aerospace sea lan t  previously described. For t h i s  spacecraf t ,  t he  p o t e n t i a l  
d i f fe rence  r e l a t i v e  t o  t h e  plasma w a s  - - 2  v o l t s ,  demonstrating t h e  ex ten t  
t o  which the sea lan t  had reduced t h e  par t ic le  dra in  t o  t h e  so l a r  a r ray .  
This process i s  i l l u s t r a t e d  
The connecting 
A f i n a l  consideration i n  t h i s  discussion of t h e  so l a r  cell-plasma 
in t e rac t ion  i s  the  p o s s i b i l i t y  of cur ren t  surges i n  the  s o l a r  ce l l  c i r c u i t r y  
from the  operat ion of t he  thrustor .  For example, t h e  abrupt i n t e r rup t ion  
of t h e  neu t r a l i ze r  current  through some f a i l u r e  i n  the  neu t r a l i ze r  causes 
t h e  vehic le  t o  charge t o  a negative p o t e n t i a l  r e l a t i v e  t o  the  plasma. 
rate of change of the  vehic le  po ten t i a l  is  given by 
The 
where I+ i s  t h e  t o t a l  ion current expelled by t h e  th rus to r s  and C 
t o t a l  vehicle-to-plasma capacitance. Since the  bulk of t h e  veh ic l e  t o  plasma 
capacitance w i l l  be, i n  a l l  l ikel ihood,  i n  t h e  s o l a r  array-to-plasma capaci- 
tance,  most of t h e  current  flow i n t o  the  s o l a r  c e l l  a c t s  t o  discharge t h i s  
capacitance and t o  recharge the  a r r ay  t o  negat ive poten t ia l s .  
cur ren t  with which t h i s  discharge may take  p lace  is, as given i n  Fig. 8a, 
t h e  Ie (=I+) from t h e  ion source. 
flow through the  a r r ay  and there  are no p a r t i c u l a r  problems of an unusually 
l a r g e  current  surge. After  a brief i n t e r v a l  t he  vehic le  a t t a i n s  a s teady 
s t a t e  negative po ten t i a l  i n  which most of t he  ion current  is  returned t o  
the  acce lera tor  electrode. Unless an a r c  occurs i n  the  engine, t h e  cur ren t  
flow through the  s o l a r  cells  remains a t  I 
Fig. 8b. I f  t h e  neu t r a l i ze r  should abrupt ly  resume operation, then t h e  
i s  t h e  
V-P 
The ava i l ab le  
As may be noted t h i s  is  the  usual  cur ren t  
(=I+). This i s  i l l u s t r a t e d  i n  e 
11 
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negative charge on t h e  so la r  cells  w i l l  be discharged in to  t h e  plasma 
through the  neut ra l izer .  If t h i s  emission capab i l i t y  i s  l a rge  (many 
times I+) then a high current surge i n  t he  so l a r  cel l  c i r c u i t r y  could 
r e su l t .  This i s  i l l u s t r a t e d  i n  Figure 8c. The major hazard i n  current 
surges due t o  the  so l a r  cell-plasma capacitance would appear during t h i s  
res tora t ive"  phase of neut ra l izer  operation i f  t h e  neu t r a l i ze r  w e r e  i n  
in t e rmi t t en t  operation. The so lar  cel l  a r ray  should ce r t a in ly  be  capable 
of sustaining current surges equal t o  t h e  peak emission capab i l i t y  of 
t h e  neut ra l izer .  
I t  
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a 
PLASMA IlPELLEE3 - THRUST AND DRAG DEVICES 
UTILIZING THE DILUTE RESIDENT 
PL#4A IN SPACE 
n 
PLASMA IMPELLERS - THRUST ANI> DRAG DEVICES UTILIZING THE 
DILUTE RESIDENT PLASMA IN SPACE 
by 
David F. Hall, R. F. Kemp, and J. M. Sellen, Jr. 
I. INTRODUCTION 
The dilute resident plasma in space attains peak densities in 
6 excess of 10 ions/cm3 in the F layer. Since the vehicle velocity 2 
is, in general, much greater than the ion thermal velocity, the ion 
motion, relative to the vehicle, is essentially at the vehicle velocity. 
Ions posses, therefore, an apparent ordered motion relative to a vehicle 
orbiting in this region. The plasma impellers to be described produce a 
momentum interchange with this ordered plasma flow to provide either a 
thrust or drag. 
To investigate the interaction of the plasma with an impeller, a 
An electron bombardment engine plasma wind tunnel has been utilized. 
has been used to produce plasma streams of nitrogen, helium, argon, and 
neon. The densities, ionic species and abundances, and velocity dis- 
persions have been determined for each of these plasma flows. 
streams have then been impacted against a stationary impeller to simu- 
late the interaction which would occur between a moving impeller and a 
stationary plasma. 
These 
The first impeller configuration tested is that of a steady 
state electrostatic "mirror" which reflects the plasma flow. 
of the plasma flow is determined by an array of Faraday cups mounted in 
the vacuum testing chamber. 
plasma densities and streaming velocities simulating vehicle motion 
Reflection 
This reflection of the plasma stream, for 
through the F2 layer, produces a momentum interchange of -1 dyne/meter 2 . 
At a moment arm of several meters such pressures could produce angular 
accelerations of milliradians per sec to microradians per sec , the 
latter figure pertaining to a larger vehicle with a moment of inertia 
2 2 
1 
8 2 of the  order of 10 
correct ions of .1 radians range from lo2  t o  10 
upon the  vehicle  moment of i n e r t i a .  
gram cm . Re-orientation times f o r  a t t i t u d e  
3 seconds, depending 
Additional drag forces  and possible  th rus t  fo rces  should 
be obtained by the  appl icat ion of time-varying electric f i e l d s  within 
t h e  impeller. In t h e  thrus t  mode, these  time-varying f i e l d s  act t o  
acce lera te  t he  ions  so t h a t  they acquire  an addi t iona l  ve loc i ty  i n  
the  o r ig ina l  d i r ec t ion  of ( r e l a t ive )  motion. I n  t h e  drag mode t h e  ions  
are r e f l ec t ed  and acquire  an increase i n  the  magnitude of t h e i r  average 
ve loc i ty  r e l a t i v e  t o  the  i m p e l l e r .  Calculations ind ica t e  t h a t  t h r u s t  
l e v e l s  of %lo  dynes pe r  meter 
e l e c t r i c  f i e l d s  i n  t h e  impeller. 
2 may be obtained by t h e  use of time-varying 
11. DRAG DEVICE 
A. Theory 
A spacecraf t  o rb i t ing  the  e a r t h  i n  the  ionosphere has a 
veloc i ty  of %8 km/sec, whereas t h e  thermal ve loc i ty  of t he  ion ic  species  
occurring throughout and below the  F l ayer  ( a l t i t u d e  < 1200 km) is less 2 
than 1.5 lanlsec. Therefore an observer on a spacecraf t  i n  t h i s  region 
sees an almost completely ordered flow of ions passing him a t  a ve loc i ty  
of 1.8 kmlsec. 
place an ion r e f l e c t i o n  element i n  t h i s  stream and t r ans fe r  momentum 
from t h e  spacecraf t  t o  t h e  ions,  thereby decelerat ing t h e  spacecraf t .  
The bas ic  concept of an e l e c t r o s t a t i c  drag device i s  t o  
The ion ic  species of t h e  ionosphere are shown i n  Table I, 
The l i s t e d  values  of ion along with o ther  per t inent  
concentration n represent  the approximate max ima  t h a t  occur f o r  geomag- 
n e t i c  l a t i t u d e s  near 35". 
thermal ve loc i ty  V 
values given f o r  v the spacecraft  ve loc i ty ,  are f o r  c i r c u l a r  o r b i t s ;  
higher v e l o c i t i e s  can be at ta ined i n  e l l i p t i c a l  o r b i t s  and space probe 
t r a j e c t o r i e s ;  lower ve loc i t i e s  occur a t  apogee f o r  probe shots  t h a t  r e t u r n  
t o  the  ear th .  
100 km/sec and therefore  appear q u i t e  random t o  a l l  o rb i t i ng  spacecraf t .  
Temperatures used t o  ca l cu la t e  average ion  
are those of t h e  neu t r a l s  i n  the  region. The +, t h  
S' 
Values of the average e l ec t ron  thermal ve loc i ty  exceed 
2 
Table I. Typical Values of Ionosphere Variables 
Important to Simulation 
V V +, th S Altitude Designation Constituents n 3 max (IW (ions/cm ) (Wsec) (Wsec) 
60-85 D NO+(?) 1 x 10 0.4 7.9 3 
140-200 F1 0.9 7.8 
O+, N+ 2 x 10 1.4 7.5 6 
4 
F2 200-1200 
1200-3400 Heliosphere He 3.7 7.3-6 -4 1 x 10 
3400- Pro t onosphere H+ 1 lo3 5.6 6.4- 
+ 
To minimize weight, an ion reflector should consist of a grid of 
fine wires. 
should occur with a minimum space potential between grid wires of approx- 
imately +10 V with respect to the ionospheric plasma. 
between grid mesh size, weight, and the potential applied to the wires 
in order to attain this minimum must be made. 
to shield this positive grid from the ionospheric electrons; otherwise, 
increased power would be needed for their collection and more potential 
would have to be applied to compensate for their space charge. 
shielding would consist of two negative grids parallel to and on either 
side of the positive element. 
From the values given in Table I, 100 percent reflection 
Compromises 
It will also be necessary 
Basic 
B. Experimental Configuration 
The concept of an ion-reflecting drag device was demonstrated 
in the laboratory by using the "plasma wind 
craft motion through the ionosphere is simulated by directing a streaming 
plasma at a stationary object within a vacuum chamber. 
in which space- 
The usual plasma 
3 
Table I. Typical Values of Ionosphere Variables 
Important to Simulation 
V +, th S Altitude Designation Constituents n V 3 max (-1 (ions/cm ) (Wsec) (Wsec) 
0.4 7.9 1 x 10 3 60-85 D NO+(?) 
65-140 
140-200 
E 
F1 
5 2 x 10 
2 x 10 6 
F2 2 00-1200 
0.4 
0.9 
3 . 9  
7.8 
1.4 7.5 
1200-3400 Heliosphere He 3.7 7.3-6.4 1 x 10 
3400- Protonosphere H+ 1 lo3 5.6 6.4- 
4 + 
To minimize weight, an ion reflector should consist of a grid of 
From the values given in Table I, 100 percent reflection fine wires. 
should occur with a minimum space potential between grid wires of approx- 
imately +10 V with respect t o  the ionospheric plasma. Compromises 
between grid mesh size, weight, and the potential applied to the wires 
in order to attain this minimum must be made. 
to shield this positive grid from the ionospheric electrons; otherwise, 
increased power would be needed for their collection and more potential 
would have to be applied to compensate for their space charge. 
shielding would consist of two negative grids parallel to and on either 
side of the positive element. 
It will also be necessary 
Basic 
B. Experimental Configuration 
The concept of an ion-reflecting drag device was demonstrated 
in the laboratory by using the "plasma wind tunnel, 
craft motion through the ionosphere is simuiated by directing a streaming 
in which space- 
plasma at a stationary object within a vacuum chamber. The usual plasma 
3 
source and downstream Faraday cups (j boxes) w e r e  augmented by an 4- 
a r ray  of seven j boxes on a boom above the  plasma source, as shown 
in  Fig. 1, and i n  the  photograph, Fig. 2. 
+ 
The f i n a l  experimental vers ion of the  e l e c t r o s t a t i c  mirror 
is  shown i n  Fig. 2. Some of i t s  design w a s  d i c t a t ed  by i t s  intended 
use as a th rus t  device,  which i s  described i n  later sect ions.  
w e r e  each 12 inches i n  diameter and w e r e  wound of 0.005-inch-diameter 
n icke l  wire on 1/4-inch spacing. 
As shown i n  the  f igu re ,  a circumferent ia l  sh ie ld  surrounds the  g r ids ,  
and between each p a i r  of gr ids  are three  guard r ings  t o  reduce edge 
e f f e c t s  . 
The g r i d s  
The in te rp lane  spacings are 8 inches. 
This mirror  was capable of t o t a l l y  r e f l ec t ing  the  plasma 
3 incident  upon it. 
before enter ing t h e  mirror) ,  o s c i l l a t o r y  behavior w a s  observed, which w a s  
taken as evidence t h a t  space charge w a s  playing an important ro l e .  
period of these o s c i l l a t i o n s  w a s  approximately equal t o  t h e  time between 
ion entrance and ion exit from t h e  device. It is  f e l t  that t h e  osc i l -  
l a t i o n s  resu l ted  from a var i a t ion  of t he  plane of r e f l e c t i o n  with t i m e ,  
an e f f e c t  previously observed i n  another c o n t e ~ t . ~  I n  an earlier com- 
pressed vers ion of t h e  m i r r o r ,  with 1 inch between g r id  planes,  o sc i l -  
a to ry  behavior w a s  not observed. 
with ion turn-around i n  space charge clouds would not be expected i n  t h i s  
compressed geometry. 
However, with the  plasma dens i t i e s  used (-lo6 ions/cm 
The 
The o s c i l l a t o r y  f ea tu res  associated 
111. THRUST DEVICE 
A. Theory of Operation 
To produce th rus t  on a spacecraf t  t ravers ing t h e  ionosphere 
without making use of onboard propel lant ,  it i s  necessary t o  increase 
the  k i n e t i c  energy of t h e  ions streaming pas t  it by supplying energy from 
an onboard power source. The electric impeller,  operating i n  the  mode 
experimentally invest igated,  generates  cyc les  each consis t ing of t h e  
following sequence of events. 
of t he  way i n t o  an accelerat ion space; next,  t h i s  group of ions i s  
F i r s t ,  t h e  ions are allowed t o  flow p a r t  
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strongly accelerated by an applied electric field, during which time a 
negligibly small number of new ions flow into the acceleration region; 
finally, when the accelerated ions reach the field-imposing grid, the 
grid potential is quickly reduced to zero and the accelerated ions pass 
out of the device without deceleration. Meanwhile, a new group of ions 
has entered the acceleration region to start the next cycle. 
In a device of the sort shown in Fig. 2 this operational 
description implies the application of a periodic-waveform potential to 
the center grid. In a practical application, a compromise immediately 
arises. A rectangular waveform is most advantageous for the operation 
of the device as described, but a rectangular waveform offers no possi- 
bility of recovering the energy used to charge the capacitance of the 
system. From this energy viewpoint, a resonant circuit and a sinusoidal 
waveform are desired. The attitude taken in the experimental work to be 
described was that effort in the first step in the development of such a 
thrustor should be concentrated on demonstrating that the device will 
produce thrust under the most ideal conditions obtainable. If thrust 
could be demonstrated, then attention might be directed to the power 
efficiency of the device. Accordingly, the work described will always 
involve the use of a rectangular waveform. 
The basic plan of the experiment was to direct the streaming 
plasma at the impeller, as in experiments with the electrostatic mirror, 
and make observations downstream from the device. 
its floating potential, the current density and energy distribution of 
the ions were measured with a retarding potential analyzer. Then the 
outer grids of the impeller were biased to reject electrons, and a high- 
output pulse generator was connected to the middle grid. 
current density and its energy distribution were measured. In all 
experiments two effects were noted when the impeller was pulsed: 
downstream current density was reduced, and the energy distribution was 
broadened. 
With the impeller at 
Again the ion 
the 
The low axial transmission of earlier versions of the impeller 
without guard rings between grids was at least partly due to the defocusing 
8 
of the ion stream by the curved equipotential surfaces within the device. 
The addition of these rings and their associated frequency-compensated 
potential dividers substantially increased the axial transmission to -2/3. 
Further increase in this figure might have resulted from an investigation 
of those ion trajectories that form an angle with the axis and the use of 
more rings with smaller potential steps between them, but inasmuch as the 
transmission of the device is partly dependent on the particular waveform 
applied to the center grid attention was concentrated instead on what 
was happening to the on-axis group that was transmitted. 
The observed broadening of the eoergy distribution did not, by 
itself, demonstrate a net thrust because some ions were decelerated, 
reducing the effect of those that were accelerated. The equation used to 
average these effects is based on measured energy distribution, which, in 
turn, is derived from retarding potential analyzer data. The retarding 
potential analyzer collects all ions having kinetic energies per charge 
greater than the potential applied to its collector. Therefore, the first 
derivative of its collected current with respect to applied potential, 
AI/AV, yields the eaergy distribution of the beam. 
enter the impeller with kinetic energy eV 
transmitted through the impeller, one computes the net thrust implied by 
a given measured energy distribution as 
Assuming that all ions 
and that all particles are 
0 
0 
E. Experimental Considerations 
The experimental demonstration of the impeller was beset by 
a number of experimental complications that are worthy of discussion, 
especially if further work on the device is undertaken in the future. 
The fact is that although some encouraging results were finally obtained, 
the concept never received a test under favorable conditions. 
9 
I 
I 
Perhaps the  most se r ious  l i m i t a t i o n  on providing a f a i r  
test w a s  t h e  i n a b i l i t y  t o  obtain a pulser  with t h e  desired character is-  
t ics.  
design used would produce a rectangular  pulse  t r a i n  at 100 kHz, with 
pulse durat ion of 1.0 psec and amplitude of -1.0 kV. 
it should be capable of supplying t h i s  pulse  t r a i n  t o  a load impedance 
of approximately 2 megohms in  p a r a l l e l  with 50 pf . ,  and it should be 
s u f f i c i e n t l y  shielded so t h a t  r f  r ad ia t ion  does not d i s turb  the  diag- 
nos t i c  instruments used i n  the  experiment. 
With the  beams avai lable ,  an idea l  pu lser  f o r  t h e  impeller 
Furthermore, 
With the  time and funds ava i lab le  i t  was not possible  t o  
obtain a pulser  with a l l  of these  cha rac t e r i s t i c s .  
w a s  s u f f i c i e n t l y  shielded but would not operate  a t  r e p e t i t i o n  rates 
exceeding 30 kHz, whereas another u n i t  w a s  capable of 100 kHz repe t i -  
t i o n  rates but  emitted enough r f  t o  cast doubt on t h e  instrument 
readings desp i t e  carefu l  shielding of these  c i r c u i t s .  The bas i c  design 
of the  lat ter u n i t  i s  shown i n  Fig. 3, because i t  is  f e l t  that ca re fu l  
a t t e n t i o n  t o  shielding of t h i s  instrument might produce a sa t i s f ac to ry  
pulser  . 
One uni t  employed 
* 
Another experimental complication encountered w a s  t ha t  even 
with t h e  pulser  o f f ,  t h e  ions measured downstream f e l l  i n t o  two energy 
groups...an e s sen t i a l ly  monoenergetic group with an energy correspond- 
ing c lose ly  t o  t h e  accelerat ion po ten t i a l s  applied t o  t h e  ion  source, 
and a much broader group with energies between 0 eV and t h e  p o t e n t i a l  
applied the  neu t r a l i ze r  filament. 
t h a t  t h e  low-energy ions or iginated from charge exchange co l l i s ions  
of t he  primary ion  beam with ambient neu t r a l  atoms wi th in  t h e  chamber; 
for instance,  t h i s  population grew as t h e  pressure i n  the chamber was 
increased from t h e  typ ica l  5 x 10 t o r r  t o  10 x t o r r .  The 
energy spread observed i n  the charge-exchange group must then be 
l a rge ly  due t o  a d is t r ibu t ion  i n  t h e  d i r ec t ion  of ion  v e l o c i t i e s  with 
respect  t o  t h e  re ta rd ing  po ten t i a l  analyzer. 
measures the  energy component normal t o  i t s  co l l ec to r . )  
Experiments supported the  hypothesis 
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While the  population of t h i s  group did not change s igni-  
f i c a n t l y  when t h e  pulser  w a s  applied,  suggesting t h a t  some of these  
ions are formed i n  the  region between the  impeller and t h e  analyzer 
and/or t h a t  t h e i r  d i rec t ions  are s u f f i c i e n t l y  random t h a t  t h e  impeller 
has no n e t  a f f e c t  on them, t h e i r  presence is undesirable f o r  two 
reasons. F i r s t ,  one can never be c e r t a i n  when t h e  pulser  i s  on 
whether some of t h e  l a s t  ions observed or iginated from t h e  charge 
exchange group, or conversely, some of t h e  primary ions have been 
decelerated i n t o  t h i s  low-energy range. Second, t h e  presence of an 
e s sen t i a l ly  res ident  colony of ions within t h e  impeller i t s e l f  can 
only serve t o  "load" it and decrease i t s  effect iveness .  
The reason f o r  the  r a the r  high pressure i n  t h e  chamber 
i s  t h a t  a high gas pressure is  required within the  ion  source 
(a modified vers ion of the SERT I type Kaufman e l e c t r i c  rocket de- 
signed t o  use mercury and much l a rge r  ex t rac t ion  poten t ia l s )  t o  
maintain a gas discharge. 
chamber, a new ion source would have t o  be designed or a d i f f e r e n t i a l  
pumping scheme employed. ( In  t h e  current  configuration, a 3000 Illsec 
d i f fus ion  pump is  attached t o  the  center  of t h e  cy l ind r i ca l  4 x 8 
foot  chamber.) 
population is t o  pos i t ion  an e l e c t r o s t a t i c  r e f l e c t o r ,  adjusted t o  
r e f l e c t  low-energy ions while t ransmi t t ing  t h e  primary ions,  between 
t h e  ion  source and t h e  impeller. 
neu t r a l  gas d e n s i t i e s  are highest  i n  t h e  immediate v i c i n i t y  of t h e  
s u r c e ,  t h e  downstream charge exchange population can be subs t an t i a l ly  
reduced by t h i s  technique. However, a disadvantage of t h i s  approach 
is  t h a t  t he  gr id  wires of the r e f l e c t o r  become s c a t t e r i n g  centers  
f o r  t h e  primary ions  and introduce a d i s t r i b u t i o n  i n  t ransverse ve loc i ty  
component. 
To reduce the 'gas  pressure i n t o  t h e  
Another approach t o  reducing t h e  charge exchange 
Because both t h e  primary ion  and 
Indeed, i n  other experiments' such a gr id  w a s  successful ly  
employed t o  achieve t h i s  very e f f ec t .  
a r e f l e c t o r  is not t i m e  consuming, whereas reducing t h e  gas pressure 
would have represented a major e f f o r t ,  i t  w a s  decided t o  construct  
a r e f l e c t o r  t o  experimentally determine i t s  ef fec t iveness  desp i te  
t h i s  disadvantage. 
t o  t h e  impeller but has smaller dimensions. 
Since t h e  construct ion of such 
A three-grid r e f l e c t o r  w a s  b u i l t  t h a t  is  s i m i l a r  
Each g r id  is 30 x 30 
inches and cons i s t s  of crossed w i r e s  with 1 /4  inch spacing. 
g r id  planes are 1 inch apart .  
p le ted  r e f l ec to r .  
The 
Figure 4 is  a photograph of t he  com- 
With t h i s  r e f l e c t o r  i n  operat ion it w a s  poss ib le  
12 
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t o  decrease t h e  s i z e  of the  charge exchange group a r r iv ing  a t  t h e  
analyzer fro-. %50 percent t o  between 10 and 20 percent. 
Another experimental problem encountered w a s  t h a t  im- 
mediately following a change i n  t h e  po ten t i a l  applied t o  t h e  
analyzer p l a t e ,  t h e  current  col lected by t h e  p l a t e  would change 
w i t h  t i m e .  W e  suspected tha t  an insu la t ing  f i l m  w a s  forming on 
t h e  co l lec tor  and charging up during t h e  period of observed change 
i n  col lected current .  Therefore, a switching c i r c u i t  w a s  b u i l t  t o  
hold t h e  analyzer co l l ec to r  and guard r ing  a t  a l a rge  negative 
po ten t i a l  j u s t  before a measurement w a s  taken. 
s t r i k i n g  these  electrodes sputtered and warmed them, with t h e  r e s u l t  
t h a t  these  surfaces  remained "clean" over a period long enough t o  
allow a measurement t o  be  made. 
The energet ic  ions  
F ina l ly ,  i t  w a s  of ten obsenred t h a t  when t h e  ion re ta rd ing  
po ten t i a l  on t h e  analyzer co l lec tor  was.increased pas t  t h e  point  of 
ostensibly zero co l lec ted  current ,  a negat ive current  w a s  col lected.  
Such a negative cur ren t  would arise from e lec t ron  co l lec t ion .  
of these  e lec t rons  could have or iginated as secondaries from ion 
c o l l i s i o n s  with the  electron suppression gr id  i n  f ron t  of t he  analyz- 
er co l l ec to r ,  but a t  least some of them w e r e  very energet ic  and must 
have or iginated as secondaries from t h e  approximately -500 v o l t  
acce le ra tor  g r id  on the  i o n  source. 
observed t o  respond t o  changes i n  t h i s  po ten t ia l .  
e lec t ron  suppression g r id  i n  f ron t  of t h e  analyzer i t  w a s  not possi- 
b l e  t o  make i ts  p o t e n t i a l  s u f f i c i e n t l y  negative t o  r e f l e c t  these  
very energet ic  e lec t rons  without s i g n i f i c a n t l y  modifying t h e  tra- 
j e c t o r i e s  of t he  ~ 5 0  v o l t  ions i n  t h e  v i c i n i t y  of t h e  analyzer. 
A two-grid system would have allowed t h e  use of a highly negative 
e lec t ron  suppressor a t  the  cos t  of increased secondary production 
a t  t h e  gr id  i t s e l f .  
experimental parameters t h i s  negative current  was reduced t o  an 
acceptable value,  especial ly  s ince  one could expect it t o  be 
v i r t u a l l y  constant during a re ta rd ing  p o t e n t i a l  run, whereas changes 
i n  col lected current  y ie ld  t h e  energy d i s t r i b u t i o n  sought. 
Some 
The negat ive current  w a s  
With a s ing le  
However, by carefu l  adjustment of t h e  var ious 
14 
C. Experimental Results 
In Fig. 5 is shown two energy distributions of a 4FV N2 
beam, taken with the impeller on and off. 
before the charge exchange ion reflector was available and the charge 
exchange group represents about 45 percent of the total current arriving 
at the analyzer with the impeller off and about 52 percent when it is 
on. Note that when the impeller was turned on the total beam current 
dropped to 64 percent of the initial value. 
These data were taken 
However, application of Eq. (1) under the assumption that the 
initial condition was that of a monoenergic beam of 49 volts still 
indicates net thrust was obtained. 
since it implies that all those observed ions with less than 49 volts had 
been decelerated producing drag. In fact a large fraction below 49 volts 
were present as low energy charge exchange ions and were not decelerated. 
Therefore, the net thrust must be larger than that calculated under the 
stated assumption. 
This assumption is clearly pessimistic 
The conditions of the experiment were as follows. The beam 
consisted of nitrogen ions, and the center grid of the impeller was at 
-30 V for 8.8 vs and -650 V for 4 . 4  vs during each repetition. 
In summary, despite numerous experimental difficulties, these 
experiments repeatedly demonstrated the ability to substantially accel- 
erate some of the ions incident on the impeller. In addition, some data 
obtained suggested that net thrust had been achieved. 
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Off (Solid Line) And With Impeller In  
Operation (Broken Line) 
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SECTION 1 I I . C .  
PLASMA POTENTIAL MEASUREMENTS BY 
ELECTRON EMISSIVE PROBES 
I 
Reprinted from THE REFEW OF SCIENTIFIC IXSTRWMENTS, Vol. 37, No. 4, 455-461, April, 1966 
Fnnted in u. 5. A. 
Plasma Potential Measurements by Electron Emissive Probes 
ROB= F. gzyP AND J. M. SELLEN, Jp. 
Phy&al h e u r c h  Diaision, TRW Sysknrs, Redado Back,  Colifmnicr W278 
(Received 29 October 1%) 
S e v d  methods of using hot wire, electron emissive probes for potential measurements in quiescent plasmas 
are described. A plot of the probe emission charactnistic gives a preiise dc determination; the floating probe 
rapidly follows potential fluctuations of scveral volts magnitude; the cutoff slope detects small s@wd~ up to tens 
of megacydes pa second. Calculations an discussed which describe the potmtial distributions around 80 d v e  
wireimmascd in plasna, with and without the formation of a virtual cathode. Sheath dimensions arc -10 wire 
diameters at 1W ians/Cm‘; ordas of magnitude lager at lW ions/cm*. Emission levels appropriate to given plasms 
densitiesareh.Therangc of applicatimhasalow densitylimit of -lolions/cm*bcsauscof minimum usefnl 
emitted Nmnt, and a high density limit of -1W ions/cm* because of dectron colledon from the p b .  
I. IXTRODUCTIOH filament. Furthermore, the geometry of this diode is not 
fixed, inasmuch as it is dependent not only on the filament 
coniiguration, but also on the charged particle distribution 
in the surroundi% space. 
The dependence of the emitted electron current on the 
plasma to filament potential difference can provide an 
accurate method of determining the space potential Within 
the plasma Figure 1 is a schematic of an emissive probe 
HEN a electron ament is de& w in a a &,,de is formed in he 
itself acts as the “plate.” The nature of this diode is more 
involved than that of a conventional vacuum tube because 
the fiIament is smomded by charged particle of 
polarities. Consequently, the “plate” not only acts to col- 
lect or repel electrons emitted by the filament, but can 
also supply currents of positive or negative particles to the and associated circuitry which can be 7 - d  for such plasma 
456 R. F. K E M P  A N D  J .  M. S E L L E N ,  3 R .  
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FIG. 1. Emissive probe circuit. Equilibrium exists between collected 
ion current I+, mllected and emitted electron currents I. and Z., and 
current in the load resistor ZR,. 
measurements. The figure shows that in the filament- 
plasma diode several currents exist simultaneously, ench 
with its own, functional dependence on probe potential, 
Two means for measuring plasma potential were de- 
scribed by Langmuir in 1923.’ One used an emissive probe, 
and the other was the familiar electron-collection (Lang- 
muir probe) method. Figure 1 shows that either method 
can be used wi th  the Same filament? Langmuir’s technique 
for detecting emitted current at a given probe potential 
was to increase the filament temperature from a warm, 
nonemissive state, to a hot, emissive condition. 
Langmuir later published a set of electron collection and 
emission curves for planar, cylindrical, and spherical con- 
centric electrodes,’ from which Fig. 2 was derived. These 
curves were calculated from Maxwell-Boltzmann statistics, 
conservation of energy and angular momentum considera- 
tions, and the assumption of negligible space charge in the 
FIG. 2. Electron emission and collection curves for diodes of planar 
P, q7hdrical C, or spherical S ked geometry (from Langmuir‘). 
Units of nurent are arbitrary; the variable E=cV/kT is proportional 
to the potential difference between electrodes. Calculations for these 
fwes assume no space charge, hence rounding is due solely to tra- 
1- cffa3.s. 
‘I. Langmuir, J. Franklin Inst. 196, 571 (1923). Also in The 
c&cdcd Work ojlraiscg Ltmgmuir, edited by C. Guy Suits (Pergamon 
Press, Inc., New York, 1%1), Vol. 5, pp. 1-10, 
Altho~~gb the Langmuir probe measurement is traditionally made 
with the probe cold, an advantage of wing a hot but not emissive 
wire is that it maintains a clean (constant work function) surface. 
I. Lsngmuir and K. T. Compton, Rev. Mod. Phys. 3, 191 (1931). 
Also in The Cdkdsd Work oj  Zroing Langmuir, edited by C. Guy 
Suits (Pergamcn Press, Inc., New York, 1%1), Vol. 4, pp. 326-393. 
sheath. In Fig. 2 the units of current are arbitrary, 
E =  f e V / K T  where e is electronic charge, V is the potential 
difference between electrodes, K is Boltzmann’s constant, 
and Tis  the absolute temperature. The slopes of the lines 
in the retarding potential regions of the curves are equal to 
l /Te ,  where T .  is electron temperature (OK). Although 
these curves were calculated from “vac~um’~ trajectories 
of emitted particks and ked geometry, they are neverthe- 
less illustrative of the “volt-ampere” characteristics ob- 
tained with the hot wire probe. Specifically, the inteinal 
collector curves are typical of Langmuir probe curves, and 
the internal emitter curves represent emissive probe 
characteristics. 
The curves of Fig. 2 also indicate qualitative changes 
seen in probe characteristics that are due to plasma den- 
sity variations. In relatively dense plasmas, sheath di- 
mensions are small compared to wire radii, and the geo- 
metry is characteristically planar. At  very low densities, 
sheath thicknesses may be orders of magnitude larger, so 
that the sheath boundary resembles a sphere centered on 
the filament. 
Within a wide range of plasma characteristics, the hot 
wire probe using the basic circuit of Fig. 1 has a number 
of uses as a diagnostic tool for measuring plasma potential 
and electron temperature. Although the experimental con- 
text of Fig. 1 is the diagnosis of synthesized plasma 
 stream^,^.^ the method is equally applicable to plasmas that 
possess no gross over-all motion relative to the probe. The 
following sections present refinements of technique and 
modes of application of the emissive probe. Also discussed 
are the results of calculations which aid in understanding 
the effects of plasma density on probe operation. 
II. PRECISE MEASUREMENT OF PLASMA 
POTENTXAL WITH EMISSIVE PROBE 
Typical probes for the uses mentioned above have been 
constructed as shown in Fig. 3. The emissive filament is 
a small “hairpin” loop of 0.0025 to 0.005 cm diam tungsten 
wire. It is supported and electrically fed by two larger 
nickel wires, which are mounted within a two hole ceramic 
insulator. For electrical and mechanical shielding, the as 
sembly is encased in a 0.3 cm diam, thin walled, stainless 
steel jacket in such a way that only the heated tip of the 
tungsten filament is exposed to the ion stream. 
As shown in Fig. 1, the iilament temperature is shifted 
by a shorting switch across a series impedance in the fila- 
ment transformer primary. Measurements of emitted cur- 
rent are made during those portions of the power waveform 
when heating current is blocked by the diode in the sec- 
ondary circuit. At these times, the filament is a unipotential 
‘ J. M. Sella, Jr., W. Bernstein, and R. F. Kemp, Rev. Sci. Instr. 
‘R.  F. Kemp, 3. M. Men, Jr,, and E. V. Pawlik, XASA TN 
36,316 (1965). 
D-1733 (1963). 
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surface, and no correction need be made for longitudinal 
potential drop. The value of the emitted current is meas- 
ured by observing the potential developed across the small 
load resistor by means of a sensitive oscilloscope. The probe 
potential is adjusted (usually in increments of 0.1 V) by 
means of a stepping switch, which is either connected to 
a string of stable batteries, or controls a floating power 
supply having a low stray capacitance to ground. 
When these precautions are taken, and if the plasma i s  
of sufficiently high density and is quiescent and stable for 
the several minutes required to record a number of ernision 
values, a semilog plot of these values is asymptotic to two 
straight lines (emissionlimited below the plasma potential, 
M ~ m d - B ~ ! + m z m  cdtd abwej .  Thc ixikrstion d 
these lines often indicates the plasma potential unambigu- 
ously within 0.01 to 0-03 V. 
m. FLoATlRG EMISSIVE PROBE 
If the load resistor (Fig. 1) is large (2 lob Q) (and the 
floating bias supply is removed from the circuit) the probe 
I 1 
0.- CH m1y TUNGSIEN mlt 
fT 
FIG. 3. Construction 
details of the “hairpin” 
emissive probe. 
potential assumes an equilibrium value related to the fol- 
lowing considerations: With the probe nonemissive, the 
first equilibrium potential is reached when the ion current 
balances the load-resistor and Langmuir probe currents. 
In streaming plasma beams the intercepted ion current is 
equal to the ion current density times the projected area 
of the wire and is small; hence, the probe potential with 
the wire cold is below that of the plasma. As the wire is 
heated and becomes emissive, a range of equilibrium values 
i s  reached near the plasma potential, as indicated by the 
plateau above the knee in the curve of Fig. 4. When the 
emissive probe is thus used in a “floating” mode, RL can 
be the input resistance of an oscilloscope or part of the 
attenuator input to a telemetering amplifier. Within its 
accuracy, the floating probe indicates plasma potential di- 
rectly, without step by step measurements or data reduc- 
tion operations. 
As a consequence of its direct readout, the floating probe 
is capable of following changes in plasma potentials at fre- 
quencies extending into the low rf range. The limitation on 
frequency response is the stray capacitance that must be 
charged by the emitted and collected currents. In Fig. 
457 
B 
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FIG. 5. Floating emissive probe arcuits. (a) Small signal equivalent 
arcuit. If RL is $%e, the upper cutoff .frequerq is 1/(2r&C). 
(h) Driven shield urcuit for floating e m s v e  probe mtnunent. 
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the potential of which is driven by the amplifier. The low 
impedance output of the mplifier is used to drive the 
capacitance to ground, which in a laboratory instrument, 
may include that of a significant length of cable. 
Because it provides a direct indication and is simple to 
instrument, the floating emissive probe can be a very useful 
potential indicating device. 
IV. EMISSIVE PROBE XRDICA'MOR OF SMALL 
POTENTIAL FLUCTUATIONS 
When the plasma potential undergoes small amplitude 
fluctuations about a constant mean value, the emissive 
probe provides a convenient means of indicating the fluc- 
tuations. In thii application, the circuit of Fig. 1 is used 
+I. - - - l l - -  1. -r ?l ----  le.- -I-- a auiau vzlue u4 IrL auu d vdiue vi probe Lias slightly 
higher than the plasma potential. This biases the probe at 
the point near the upper end of the Boltzmann line where 
the rate of change of emitted current with plasma potential 
is greatest. The resultant fluctuations in the voltage drop 
across RL are readily observed with an oscilloscope. The 
magnitude of the plasma potential excursions may be cal- 
culated from a knowledge of the slope of the Boltzmann 
line (i.e., from the emissive probe characteristic at the 
given filament temperature). In this measurement, the 
relative importance of the changes in collected electron cur- 
rentmaybe * - * ed by increasing the filament tempera- 
ture so that the emission limited current is several times 
the Langmuir probe current at the bias potential. 
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This method has the advantage over the floating probe 
method that the measuring amplifier input is near ground 
potential but is at  the same time directly coupled to the 
signal source. Furthermore, the impedance between the 
filament and ground is low; consequently, the frequency 
response is good. Small plasma potential fluctuations at  
frequencies of several megacycles per second have been 
readily detected by this technique. 
V. CALCULATIOHS OF EMISSIVE WlRE 
SHFATH POTE~TULS 
When used with quiescent plasmas in which the ion den- 
sities are from lo7 to 1@0 ions/cm*, the emissive probes 
have characteristics that show on a semilog plot as straight 
iines and a iairiy sharp knee. At lower densities, the knee 
extends over a wider range of potentials and the cutoff 
slope is indicative of a higher temperature than that of the 
wire. This effect is shown in Fig. 6. The low density curves 
resemble the cylindrical and spherical curves of Fig. 2(a). 
In order to gain further understanding of the operation of 
the emissive probe, and in particular to seek a mechanism 
for the difficulties that arise at low density, a series of cal- 
culations was undertaken to describe the electric potential 
distribution in the sheath surrounding an emissive wire in 
a plasma. 
The calculations relate the factors of electron tempera- 
ture and density within the plasma, wire temperature 
(electron emissivity), and the potential difference between 
FIG. 6. Examples of emissive probe charac- 
teristics which show increased rounding of 
the knee of the curve as the plasma density 
is reduced. Not only density, but also plasma 
bias potential was allowed to vary during this 
series of measurements. 
P L A S M A  P O T E N T I A L  
the wire and the plasma. The method used was the machine 
solution, by iterative process, of Eq. (2), a normalized 
Poisson equation in cylindrical coordinates, 
Here f(=eV/kT,) is the normalized potential relative to 
the suriace of the emittingwire; Eo is the normalized plasma 
potential; e(=r/rO) is the radial distance relative to wire 
radius; A ( = h / p e )  is the space charge density of emitted 
electrons at the wire surface relative to ion charge density; 
B( = TJT,,) is the wire temperature relative to electron 
temperature in plasma; and C(=epao*/kTwto) is a con- 
stant resulting from the normalization of the equation, 
where e is the electronic charge and 60 is the permittivity 
of free space. The assumption implicit in maintaining ion 
charge density po (=en% where no is the number density) 
constant is that in streaming plasmas the kinetic energy of 
the ions is so great that ion trajectories are not significantly 
affected by small potential fluctuations in the vicinity of 
the wire; hence, the ion space charge density does not 
vary within the wire sheath. Emitted electrons have been 
assigned an injection energy in the radial direction of 
kT,/2; azimuthal velocity has been neglected. This is a 
justifiable assumption for the calculations described in Sec. 
V(A) inasmuch as electron velocities outside the wire are 
always 2 the emission velocity. Boltzmann statistics are 
assumed for plasma electrons, however. 
A. Space Chuge Limited Emission 
The first set of cases sought values of emitted current 
for a given wire radius and a given plasma density that 
cause the wire to operate space charge limited, but without 
the formation of a virtual cathode. Hence, the boundary 
conditions were 
TABLE 1. Sheath dimensions around emissive wire, zero surface 
electric &ld, T.= T,=2500°K, and r0=0.00125 cm. 
- 
1 0  
1oC 5 98 311 736 
3 95 295 715 
1 97 300 760 
107 5 39 101 236 
l@ 5 12.5 34 77 
Values of e for which 
ions/cm~ EP €=OS& €=0.5Ep E=0.8Ep 
109 5 5.5 12.6 26 
3 5.4 12.4 27 
1 5.5 12.6 29 
3 2.8 5.3 9.9 
1 2.9 5.5 11 
1@0 5 2.8 5.4 9.8 
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FIG. 7. A solution curve 
for Eq.  (2) which describes 
the radial distribution of t 
potential in the Vicinity of 
a-spac: charge limited e&- 
sve wire. 
;/I = 3.14m*/ar 
* 
A typica! dation curve for one calculation is shown 
in Fig. 7. For each such curve, the value of A found by the 
computer is one point of the function A (6,C) which satis- 
fies the given boundary conditions. These results are dis- 
played in Fig. 8. Here they have been rescaled to values of 
microamperes per centimeter length of emissive wire, with 
wire radius and plasma number density as parameters. 
Integration of the equation proceeded from the point 
e= 1 sufficiently far in the direction of increasing 0 to as- 
sure that each solution was asymptotic to the plasma po- 
tential. The resulting curves display the configuration of 
the sheath surrounding the wire for the several cases cal- 
culated. The computer listings were examined for approxi- 
mate values of normalized radius at  which the 
space potential equals a given proportional value of the 
surrounding plasma potential. These are given in Table I 
for several values of ion number density and plasma poten- 
tial The significant indication here is that the extent and 
shape of the sheath are primarily dependent on plasma 
density, and do not vary with Ep (which is dependent on 
wire emissivity according to Fig. 8). 
B. V i i  Source Formation 
In a second set of calculations, the starting values for 
Eq. (2) were the end values from the solutions to a related 
set of boundary value problems; this time, the value of A 
was specified in advance, and appropriate values of tp were 
sought. The starting solutions describe the potential field 
surrounding a wire that is emitting more current than can 
escape into the surrounding region, and around which the 
excess electron space charge forms a virtual cathode. 
The equation used for the region between the wire sur- 
IO Om( I I 1 
FIG. 8. Calculated 
electron emissivity 
space charge limited 
in a piasma of den- 
out virtual source 
(surface electric field 
is zero). For T, 
=2500°K, E =VD/ 
(kT,/e) = VD/6.215 
V. 
of wires of *us 
10 (an), operating 
sity na(an-*) with- 
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0 face and the point of potential minimum (virtual source position) is 
Here D= (er~~~/~OkLT)(m/ankT)); ;t, is the electron cur- 
rent per unit length of wire transmitted by the virtual cath- 
ode; y is the ratio of emitted to transmitted current J m is 
the electron mass; L is the wire length (emissive region) ; 
and 
erf(x)= Glrdq. 1' 
The constant C, defined in connection with Eq. (2), again 
represents the ion charge density. Note, also, that the 
relationship between the magnitude of the potential mini- 
mum at the virtual cathode, Em=, and the transmitted 
current factor is 
For this equation, it was necessary to give the emitted 
electrons a Maxwell-Boltzmann velocity distribution; 
again, only radial velocities have been accounted for. The 
contribution to the space charge of plasma electrons within 
the virtual source region has been neglected. This is justi- 
fied by the fact that A>>1. 
Starting at  the wire surface (8=1), values were sought 
for the initial potential slope such that each potential would 
go through a specified minimum value. The values of 6 at  
which these minima occurred and the corresponding values 
of transmitted current were the starting values for Eq. (2) 
for the region exterior to the virtual source. In the exterior 
region, the iterative process sought for appropriate values 
y=t?-t-. 
0 
d (X 162)  
FIG. 9. Cdculated radial potential distributions for &ve wires 
at different potentials, but constant emisrjvity. The fraction of 
emitted currat which is transmitted to the lasma is l/y; for y=l, 
w source is formed. ~n the iimit of L g e  y the value of tbe 
potential diffaeoa between the filament and the p b  is A€- -hy. 
a 
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FIG. 10. Emitted current vs calculated potential difference between 
plasma and Wire (from Fig. 9) plotted as an emissive probe charac- 
teristic. Space charge rounding of the knee of the curve occurs at this 
emissive level. 
of lp. Figure 9 shows the results of piecing together the 
resulting curves. 
In Fig. 10 the values of transmitted current from Fig. 9 
are plotted against the potential merence between the 
plasma and the probe Af as an emissive probe chaxacteris- 
tic. A t  this emissive level and plasma density, the effect of 
electron space charge is to begin to repel some of the 
emitted current back to the filament when the filament is 
0.86 V (4.01 KTJe) below the plasma potential. At lower 
emission levels or greater densities the point of departure 
from the emission limited value would move closer to the 
intersection with the Boltzmann lime. The exact value at  
which space charge rounding begins can be found from 
Fig. 8, within the ranges plotted. One would usually oper- 
ate the probe with a value of ill such that rounding would 
occur at Af>, l .  
VI. EMISSlyE PROBE C ~ C T E R I S T ' I C S  
AT LOW PLASMA DERSITY 
Comparison of the indicated sheath size for a plasma 
density of 1 0 6  ions/cma (Table I) with the dimensions of 
a typical hairpim filament probe as shown in Fig. 3 shows 
that the assumption of cylindrical symmetry implicit in 
the calculations for Fig. 9 is not applicable to the hairpin 
probe at low plasma densities. In fact, as mentioned previ- 
ously, the small hairpin probe shows premature rounding 
and poor cutoff slope in this situation even for appropri- 
ately reduced values of i/l. Since no part of the small 
filament is separated by more than about 100 wire radii 
from an adjacent wire, each side of the filament operates 
in the sheath of the other side. The resulting additional 
space charge tan contribute to the premature rounding of 
the cutoff characteristic of the hairpin probe in low plasma 
densities. 
In order to determine experimentally the extent of the 
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improvement that could be obtained by opening the loop 
of the hairpin probe, a special linear emissive probe was 
constructed. The design of this probe is shown in Fig. 11. 
The curves of Fig. 12 compare the cutoff characteristics 
of the linear probe and a hairpin probe in the same piasma 
at a density of 2x10“ ions/cma. The linear probe curve 
compares favorably with those of hairpii probes at den- 
sities two orders of magnitude higher. Not only is the knee 
sharper, but the Boltzmann line is straight and indicates 
a temperature not greatly differeat from the -2500% 
wire temperature. The combination of excessive rounding 
and abnormally high temperature cutoff of the hairpin 
probe lead to an erroneously low indication of plasma po- 
tential in this iastmce- 
The calculatim have brought to light two mechanisms 
for rounding of the knee of the emissive probe curves, but 
there is nothii in the formulation of the equations to ac- 
count for the observed variations in the cutoff slope. One 
possible cause of the high ef€ective cutoff temperature is 
the contribution of tlte azknuthal velocity component of 
the emitted electrons, and in particular, the pmibility 
of variations in angular momeaturn at distant positions 
within the extended sheaths which occur at low densities. 
Noncentral forces or microscatterings would, for the most 
part, tend to change electron trajectories so that electron 
dwell time in the sheath +on is prolonged. Qppor-tunities 
for further, and perhaps, nonconsenrative hteractims be- 
tween the electron and the plasma are thus i n d ,  with 
the possible result af an enhrrnced current of electrons 
escaping from the wire. 
VII. BMGE OF APPUCATIOIfS 
The lower limit in plasma density for the use of the emis- 
sive probe occurs because of space charge rounding of the 
probe characteristic. From Fig. 8 and the conditions that 
apply there, the lower limit in plasma density is -lo8 
ions/cma for an accuracy in potential measurement of 
-0.01 V. This plasma density would permit a wire emis- 
sion of -2 d/cm, and the signal from this current would 
be at a usable level. For gcaCrai applications, emission 
levels below 1 &an are not mulily usdul. This limitation 
would then yield an accwacy level of -0.1 Y at plasma 
densities of lW ionn/cm* and -1 V at l(r ions/cm‘. 
The upper limit in plaama d d t y  for the application of 
e 
e 
“rc 
FIQ. 12. C o m r  of the cutodf chimctrsistica of a “hakph” probe 
and e hear p b e m  the same low dam@plas!na. 
the probe occurs because of the magnitude of the d e c t e d  
electron 0.itngmUir probe) signal. For plasma electron 
temperatures of 250O0K, this electron collection signal is 
-10 mA/cm (for a 0.025 mm wire) at a plasma density of 
1P i ons /d .  The emitted current of electrons must equal 
or exceed this collected electron signal if an accurate probe 
measurement is to be obtained, and wire temperatures of 
-3oooOg would be required to provide 10 mA/m emitted 
current from these wires. This wire temperature and the 
indicated behavior in space charge rounding in Fig. 8 
would indicate an upper limit of lW ions/cma for the ac- 
curate application of the probe. In summary, then, poten- 
tial measurements with an accuracy of -0.01 V may be 
obtained in the density range from 106 to 1oU ions/cma 
with diminishing accuracy in the regions above and below 
this central range. 
The application of the probe, for a rectified ac heating 
current, is in general restricted to plasmas in which only 
weak magnetic fields are present because the j x B  forces 
due to the heating current and the field caw wire breakage 
at the higher ficd values. For strong magnetic fields (-5 
kG), direct cumat bas been used for the probe heating, 
and succcssfd probe opvstim has been achieved, although 
the accuracy of the probe is dimininhed (to -0.1 V) 
because of the potential incremat along the wire. 
A final pmiblc limitation in probe application may occur 
if the combined effcta of plarsma d d t y  and plaama tem- 
perature yield power inputa to the probe wire such that 
(L wlvm nonemissive condition cannat be roalited. In gen- 
eral, however, the density limitations previously described 
impose the major rcstrictioes to probe applications. 
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SECTION 1II.D. 
INVESTIGATIONS OF CESIUM AM) MERcu#p 
DISCHARGE NFWlXiUIZwS 
INVESTIGATIONS OF CESIUM AND MERCURY DISCHARGE NEUTRALIZERS 
by 
Robert F. Kemp and J. M. Sellen, Jr. 
I. INTRODUCTION 
At the time work was initiated on Contract NAS3-6276, there remained 
unsolved a basic probla in electric propulsion relating tr? the lifeti~e cf 
the neutralizer required for space-charge and current neutralizatior, of the 
thrust beam of an ion engine. 
electrical coupling between the electron emitter and the thrust beam, and at 
the same tine shielding the enitter from sputtering erosion by ttz high 
energy ions. Developments in the electron-bombardment mercury ti-xuster, and 
in both the bombardment and contact-ionization types of cesium thrusters, 
had led to desips which had demonstrated useful lifetimes of all components 
except the neutralizer. By the conclusion of NAS3-6276, a solution to this 
problem seems to be at hand, not only for the cesium thrusters, but also for 
the mercury thruster. 
the thrust beam and shielding of the electron emitter is a small hollow 
cathode internally supplied with a suitable gas which operates as a neutralizer 
by forming a thermionic arc with the thrust beam plasma as anode. A successful 
version of a cesium discharge neutralizer was described in a paper by Ernstene, 
et al. ,l at the AIAA Second Annual Meeting, 26-29 July 1965. 
cusses that device and the steps in tile development, from that concept, of a 
mercury discharge neutralizer for the Kaufman electron bombardinent thruster. 
The problem is that of maintaining adequate 
The device which provides both adequate coupling to 
This report dis- 
11. "ON-RAMP" NEUTRALIZER 
Early in the program, it was proposed that a small electron-bombardment 
plasma source be used as a neutralizer. 
source would neutralize the electron space charge around the filvnent and 
provide coupling to the ion thrust beam to be neutralized. It was envisioned 
that the electron emitter would be similar to that used as  the cathode of the  
electron bombardment thruster, and would have similar longevity. 
The low-energy ions from such a 
1 
Several small devices of this type were built which incorporated 
ribbon filaments, electromagnet windings, and relatively large orifices. 
Discharges were obtained with them using nitrogen or argon gas as the 
discharge medium and metal plates as anodes. 
the vapor feed rate was inordinately high, as were, also, the minimum vacuum 
system pressures in which they cculd be operated. Plans for further devel- 
opment of the "on-ramp" neutralizer called for decreasing the orifice 
diameter to improve the differential pumping, and €or continued operation 
with argon or nitrogen, inasmuch as these gases are shp ler  t o  handle E h m  
mercury. 
of an investigation of the configuration which it described. 
not the original approach would have eventually led to the present configu- 
ration of the mercury discharge neutralizer, it is clear that our experience 
with the cesium discharge bypassed several steps leading to that goal. 
For all of these, however, 
These plans were set aside at the time Ref. 1 appeared in favor 
Whether or 
111. INVESTIGATION OF THE "PLASMA-BRIDGE" NEUTRALIZER 
According to the description of the "Plasma-Bridge" neutralizer 
given in Ref. 1, a cesium discharge is enclosed within a metal chamber, 
the temperature of which is held at about 900°K. Electrons are conducted 
from the internal plasma through a .005" diameter orifice in the discharge 
chamber and to the thrust beam plasma by a plasma "bridge" in which slow 
ions neutralize the electron space charge. 
the device are reported as follows: 
Operating characteristics for 
"590 mA electron current 
5.5 volts beam potential 
10.3 watt cathode power 
59OOC cathode temperature 
6.7 watt cesium vaporizer power 
35 mA/watt efficiency" 
The reported cesium consumption rate is one cesium atom per 100 electrons 
generated. 
2 
Some interesting calculations can be made with respect to the 
plasma column which extends through the small orifice in the discharge 
chamber. The current of electrons in this plasma column is given by 
3 where n 
(ve) is the average over the electron velocity distribution for motion 
along the axis of the plasma column, and A, is the cross sectional area of 
the column. 
is somewhat random, that is, includes motion both outward and inward along 
the column axis as well as transverse to the axis, the component average 
(ve) must be less thanl’(ve) . 
i.e., electrons with an average kinetic energy of a few electron volts, 
this average velocity would be 
is the plasma density in electrons/cm , e is the electron charge, e 
Under the assumption that the electron velocity distribution 
I -  1 For the stated conditions in reference 1, 
be> lo8 cm/ sec , 
hence, a lower bound on ne would be 
3 e 
i 
8 electrons/cm 10 %e 
d 
n >  e 
-4 2 For 600 mA of electron current and % = 1.26(10) 
density is about 4750 A/cm , and hence the required electron density is 
in excess of 3 x electrons/cm . 
cm , the current 
2 
3 
From the quoted value of cesium consumption, the following calcula- 
tion can be made. Inasmuch as diffusion of neutrals through the orifice 
is unidirectional, and with the mean free path assumed long compared to 
3 
o r i f i c e  dimensions, t h e  current equivalent of neu t r a l  cesium is given by 
3 where n 
neu t r a l  p a r t i c l e  veloci ty ,  and A,, is the  area of t he  o r i f i c e .  
temperature of 900°K, vn is -4 x 10 
of 0.01 atoms/electron 
is t h e  neu t r a l  par t ic le  densi ty  i n  atoms/cm , v n n is t h e  nus 
A t  a 
4 cm/sec. Hence, f o r  a cesium e f f lux  
6 x n =  
1.601 ( lo r1’  (10) (1.26) (10) -4 n 
3 - 3 x atoms/cm . 
Accordingly, t h e  neu t r a l  densi ty  would be 100 times g rea t e r  than t h e  
e lec t ron  concentration arr ived a t  from the  earlier ca lcu la t ion ,  and many 
orders  of magnitude i n  excess of t h a t  predicted from t h e  known i on iza t ion  
c ross  sec t ion  and previously calculated e lec t ron  dens i t i e s ,  assuming t h e  
e lec t ron  k ine t i c  energy t o  be as high as the  estimate given above. 
an apparent discrepancy existed between numbers calculated from known 
da ta  and readi ly  made assumptions. 
Thus, 
I n  addi t ion t o  t h e  questions concerning dens i t i e s ,  a number of 
other  questions concerning t h e  cesium discharge neu t r a l i ze r  came t o  mind: 
1. Does a l l  the  electron cur ren t  come through t h e  o r i f i c e  i n  
t h e  discharge chamber, or is some of i t  emitted by the  (presumably cesium 
coated) f ron t  surface of t h e  device? 
2. How much does t h e  t h rus t  beam po ten t i a l  i n  t h e  in j ec t ion  
region d i f f e r  from the  reported f l o a t i n g  co l l ec to r  po ten t ia l?  
3. What is  t h e  i n i t i a t i n g  mechanism f o r  t h e  discharge,  and how 
long a time i s  required for  t h e  discharge t o  s t r i k e ,  or restart i f  
momentarily interrupted? 
4 
4. How seriously is the discharge affected by magnetic fields 
such as those associated with electron-bombardment thrusters? 
And, finally, 
5. Could a similar device be built which would operate with 
mercury, and, even if so,  how different would the two types be? 
Several configurations of the cesium discharge neutralizer were 
built, having chamber diameters from 1/16 in. to 1 in. and orifice 
diameters from .005 in. to .020 in. Details of the configuration seemed 
to be relatively unimportant, inasmuch as hollow cathode arcs were obtained 
between each cathode and a metal-plate anode at approximately the same 
values of discharge chamber temperature, and internal vapor pressure (as 
indicated by the vaporizer temperature). 
quickly identified. First, with the chamber at operating temperature, 
but the vaporizer slightly below its operating point, a very small electron 
current (less than 1 mA) can be drawn to the collector plate. With the 
vaporizer at a minimum operating temperature, a noisy type of arc is 
observed which is accompanied by the appearance of a luminous cone extending 
more than an inch from the chamber orifice. 
tures, the discharge switches to a quieter type of arc (voltage and current 
signals noise free) with the light emission limited to a bright bluish spot 
at the orifice. During some of these runs, plasma potentials were monitored 
with a floating emissive probe and found to be consistently below 10 volts. 
In one instance, in a discharge from a .005" diameter orifice carrying 
400 mA, the measured electron temperature was about 8000'K and the plasma' 
potential was 7 volts. Electron currents over 1.25 A were easily obtained 
with a .005" diameter orifice and with a vaporizer temperature of-275'C 
(corresponding to -1 torr Cs vapor pressure and 
6OOOC discharge chamber). 
Three modes of operation were 
At higher vaporizer tempera- 
density in the 
In other experiments, the discharge plasma was subjected to both 
transverse and parallel magnetic fields. 
mately 15 gauss intensity caused a slight confining effect on a neutralizer 
beam several inches long, and a 20 percent reduction in current, but did 
not significantly affect the plasma potential. 
of about 25 gauss were sufficient over this path length to interrupt the 
Parallel fields up to approxi- 
Transverse field intensities 
5 
e lec t ron  flow and quench the discharge. 
demonstrated that discharges form i n  less than 100 wec, and that s t r i k i n g  
time and anode vol tage overshoot are dependent on anode spacing. 
Pulsing of t h e  anode vol tage 
Two experiments are worth mentioning i n  pa r t i cu la r :  In  one, t he  
neu t r a l i ze r  w a s  operated continuously u n t i l  an i n i t i a l  vaporizer charge 
of 1.2 grams of cesium had been expelled. Resul ts  from t h i s  run w e r e :  
= 620 mA 'electrons 
Total  e lectron charge = 23.84 Ampere hours 
C e s i u m  equivalent = 0.24 Ampere hours 
C e s i u m  consumption = 99.3 electrons/Cs atom. 
For t h e  other  experiment, a spec ia l  cathode w a s  b u i l t  which incorporated 
an emissive probe i n  the  i n t e r i o r  of t he  discharge. 
operated a t  about 500 mA electron current  and the  f loa t ing  po ten t i a l  of 
the  internal probe i s  compared t o  t h a t  of a similar probe mounted between 
the  cathode and t h e  m e t a l  anode. I n  t h i s  experiment as i n  the  o thers ,  t h e  
w a l l  of the  cathode chamber i s  a t  the  zero-reference poten t ia l .  With the  
discharge off, t h e  internal probe p o t e n t i a l  i s  a l s o  zero. With the  arc 
operating, and t h e  i n t e r n a l  probe cold,  i t s  po ten t i a l  i s  about 1.5 t o  2 
vo l t s ;  a t  i t s  operating temperature, the  i c t e r n a l  probe f loa t ing  p o t e n t i a l  
i s  about 7 t o  8 volts--approximately 1 v o l t  lower than t h e  po ten t i a l  of 
t he  ex terna l  Probe= 
the  uncertainty associated with f loa t ing  probe measurements, i t  can only 
be taken as an approximate value. 
This cathode w a s  
Inasmuch as t h i s  d i f fe rence  i n  po ten t i a l  is less than 
The r e s u l t s  of observations of t h e  cesium discharge neu t r a l i ze r  t o  
t h i s  point  can be b r i e f l y  summarized as follows: 
i n  its "quiet" mode, a plasma exists i n  t h e  i n t e r i o r  of t h e  chamber, and 
t h e  space p o t e n t i a l  within t h i s  plasma is about 1 v o l t  below t h a t  of t h e  
coupling plasma between the cathode and t h e  m e t a l  anode. 
tend t o  confirm t h e  f a c t  that the  e lec t ron  current  which t h i s  device de l ive r s  
does indeed emerge from the  s m a l l  hole. 
10,000 A/cm 
spots  i n  mercury pool r e c t i f i e r s .  Vaporizer temperature measurements imply 
cesium vapor pressures  i n  the discharge chamber of about 1 t o r r ,  hence, 
neu t r a l  dens i ty  i n  the  chamber of about 1 x 10 
When t h e  arc is operat ing 
A l l  measurements 
Observed cur ren t  d e n s i t i e s  up t o  
2 are comparable i n  magnitude with those reported f o r  t he  cathode 
16 3 /cm , i n  good agreement with 
6 
the number inferred from efflux measurements. 
internal walls of the chamber at this density and temperature results in 
a low work function surface easily capable of emitting the observed electron 
currents. Electron temperature in the coupling plasma suggests that the 
average electron velocity may correspond to about 0.8 eV kinetic energy, 
much less than origir,ally suggested. 
v decreases as T I"; consequently, the lower bound on ne from earlier 
estimates must be raised, and, in the range of interest of Te, the ratio of 
Cesium coverage of the 
As electron temperature T is reduced, e 
e e 
Very likely a consistent solution 
following set of values: 
2 ions to neutrals r 
can be found in the neighborhood of the 
decreases rapidly, i 
n =  n+ neut n =  e 
u Hence, r The Langmuir probe 
measurement of T = 800OOK was not made within the orifice, but at a point 
just outside where, conceivably, the electrons could have received additional 
= 0.5, which is appropriate for Te = 2000°K. i 
e 
acceleration. 
inconsistent with it. 
Although it does not confirm the 2000°K value, it is not 
The observations at T R W  Systems had essentially duplicated the 
performance reported in Ref. 1 (except for thermal efficiency, on which no 
effort was expended), and, by means of the emissive probe and Langmuir probe 
measurements and pulsed operation had added a measure of insight into the 
workings of the device. Effort then turned to the substitution of mercury . 
for cesium as the discharge medium. 
IV . EXPERIMENTS WITH HOLLOW-CATHODE MERCURY ARCS 
Several differences exist between cesium and mercury which are of 
importance to the problem of making a discharge neutralizer which works 
with mercury instead of cesium. 
to the reason for using a mercury neutralizer instead of cesium with a mercury 
thruster, i.e., the ability of cesium to coat metallic surfaces and to lower 
their surface work function. It is felt that if cesium vapor were to be 
The most significant of these is also basic 
7 
deposited on the  accelerator g r id  sur faces  of a mercury th rus t e r ,  i t  
could lead t o  local ized sources of "drain" currents .  
does not w e t  a great  many of t h e  materials which might be used i n  a 
neu t r a l i ze r  discharge chamber, and i t s  work function is high (4.5 V vs  
1.8 V f o r  Cs), vapor coating of t he  discharge chamber i n t e r i o r  cannot be 
r e l i e d  upon t o  provide an electron-emitting surface.  Rather ,  a spec ia l  
low-work funct ion surface must be provided which has the  capabi l i ty  of 
surviving many hours i n  a mercury arc plasma. Another d i f fe rence  between 
t h e  two gases is  t h a t  of ionizat ion poten t ia l .  Again, t h a t  of nercury i s  
higher (10.39 V vs 3.87 V for Cs); t h i s  raises the question of r e l a t i v e  
d i f f i c u l t y  ir, i n i t i a t i n g  and maintaining a discharge under conditions su i t -  
ab le  f o r  a neu t r a l i ze r .  
Inasmuch as mercury 
A. Early Experiments 
A hollow cathode w a s  b u i l t  i n  which the  vapor del ivery tube w a s  
e l e c t r i c a l l y  insulated from the  discharge chamber w a l l s .  
i t s e l f  was made of s t a in l e s s  steel, and w a s  l ined  with a n icke l  sleeve 
which had been in t e rna l ly  coated with a standard emission carbonate. A 
f i v e  m i l  hole  i n  the end of the  chamber w a s  placed c lose  t o  a co l l ec to r  
plate .  After  t he  cathode surface had been ac t iva ted ,  argon w a s  admitted 
t o  the  device, and a discharge w a s  formed between the  cy l ind r i ca l  cathode 
and the  vapor feed tube, which acted as an i n t e r n a l  anode. 
t h i s  i n t e r n a l  a r c  w a s  operating, no cur ren t  w a s  drawn t o  the  ex terna l  
co l lec tor .  
The chamber 
Whether o r  not  
Another similar device w a s  made, again with a s t a i n l e s s  s teel  
chamber. This time, however, t he  in s ide  of t he  chamber w a s  n i cke l  plated,  
and coated with emission oxide over t h e  e n t i r e  ins ide ,  including the  region 
around the  o r i f i c e .  Af te r  act ivat ion,  a s m a l l  e lec t ron  current  could be 
drawn through the  o r i f i c e  t o  an ex terna l  anode placed a few thousandths of 
an inch away. 
an arc formed between the cathode and the  external anode. The arc w a s  
local ized t o  the  o r i f i c e ,  and a f t e r  a few minutes had enlarged it  t o  about 
1 /8  inch diameter. 
t he  i n t e r n a l  oxide coating may have helped t o  i n i t i a t e  i t .  
When mercury vapor was introduced a t  about 200 t o r r  pressure,  
This probably w a s  a "cold-cathode" type of a r c ,  although 
8 
I 
I A similar type of arc w a s  operated with a cathode made of 
molybdenum. 
s u f f i c i e n t  t o  f i t  over t he  del ivery tube t o  which i t  w a s  brazed. 
had a f i v e  m i l  hole  i n  t h e  end. N o  spec ia l  coating w a s  applied.  
operation of an a r c  between t h i s  cathode and an ex terna l  anode w a s  obtained 
with t h e  t i p  a t  about 12OO0C, vaporizer a t  about 3OO0C, and anode t o  cathode 
po ten t i a l  of about 170 vol t s .  The i n t e r n a l  mercury vapor pressure w a s  about 
1/3 atm. f o r  t h i s  arc, a l so .  Once the  arc had formed, heat ing of t he  cathode 
The i n t e r n a l  diameter of this cathode w a s  about 1/8 inch-- 
I 
This a l s o  
Stable  
I 
I 
i 
I 
1 
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by ion bombardment w a s  more than s u f f i c i e n t  t o  maintain i t s  temperature. i 
From these  r e su l t s ,  i t  was  c l ea r  t h a t  "cold-cathode" a r c s  could 
be operated with vapor-feed hollow cathodes a t  elevated i n t e r n a l  mercury 
pressure.  But such a r c s  a re  des t ruc t ive  t o  non-refractory m e t a l s .  It a l s o  
seems clear t h a t  the presence i n  the  i n t e r i o r  of t he  cathode of a low work 
function surface i s  not  e f f ec t ive  unless  t h a t  surface extends up t o  and, 
idea l ly ,  through the  small o r i f i ce .  
I B. An Oxide-Coated Mercury Discharge Neutralizer 
One device which operates  i n  a s a t i s f a c t o r y  manner i s  a hollow 
cathode made of so l id  nickel  and coated i n t e r n a l l y  with an emission carbonate. 
This coating is then reduced t o  t h e  oxide and ac t iva ted  i n  vacuum a t  a tem- 
perature  of about l l O O ° C .  
pressure of approx. 
an ex terna l  anode, with an anode t o  cathode po ten t i a l  drop of about 10 v o l t s ,  
or  higher depending on t h e  anode t o  cathode spacing. 
measurements of t h i s  dependence, it appears t h a t  f o r  mercury the  change i n  
anode po ten t i a l  f o r  a given change i n  anode spacing may be 10 t o  15 times 
t h a t  f o r  cesium. 
Then, upon the  admission of mercury vapor a t  a 
20 t o r r ,  an a r c  can be formed between the  cathode and 
From a few preliminary 
Construction d e t a i l s  and a photograph of t h e  present  configurat ion 
of t he  mercury discharge neut ra l izer  are shown i n  Figs .  1 and 2 -  
photograph, Fig. 2 shows the device without the  heat shielding i n  place. 
The 
Two in t e re s t ing  runs which w e r e  -de with t h i s  type of cathode 
gave r e s u l t s  which give some promise of longevity f o r  t h e  hollow-cathode 
mercury neut ra l izer .  One was a continuous run of 138.5 hours a t  an e l ec t ron  
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Figure 1. Construction Details Of The 
Mercury Discharge Neutralizer. 
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Figure 2. P h o t o g r a p h s  O f  The Xercurlr  D i s c h a r g e  
Keu +- r i! 1 i z e r b'i t he  t E e a t S 5 i e 1 d i Eg 
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current of about 600 mA. 
deterioration in the operating point of the arc. 
involved measuring the space potential in the interior of the discharge 
chamber with a floating electron-emissive probe, as had been done earlier 
with the cesium device. 
which is a plot of the internal plasma potential vs. emitted electron 
current over the range of zero to 1 ampere. The plot indicates that the 
internal potential, which represents the "cathode fall" over the low-work- 
function surface, manages to adjust itself to that value required to deliver 
the electron current called for by conditions in the space outside the 
chamber between the cathode and anode. 
independent of either anode spacing o r  anode potential, per se; hence, this 
experiment indicates that over the range zero to 1 ampere, ion energies 
arriving at the electron emitting surface will be well below the threshold 
for damage to that surface. 
No damage to the cathode was indicated by 
The other experiment 
The results of t h i s  experhent Ere given in Fig. 3 
This function (Fig. 3)  was quite 
V. CONCLUSIONS 
Studies have been made of the cesium "plasma bridge" neutralizer 
described in Ref. 1. 
exceeded, and some further insight into the operation of the device has 
been gained. Comparison of cesium with mercury indicates the conditions 
under which a similar mercury device can be made to operate. 
Reported results have essentially been duplicated or 
A hollow-cathode device has been built and operated in a thermionic 
mercury arc which, according to experimental evidence, has the potential 
for long life as a neutralizer for the mercury electron-bombardment 
thruster. Future work with the device will be required to demonstrate 
this potential longevity, as well as to demonstrate actual compatibility 
with an operating ion thruster. 
One possible drawback to the present configuration is the difficulty 
that might be experienced in either activating an oxide cathode after the 
launching of the thruster into space, or the protection of a previously 
activated one from exposure to air prior to launch. This difficulty might 
12 
Figure 3. Floating Potential Of The Internal 
Electron-Emissive Probe As A Function 
Of Current Being Drawn From The 
Neutralizer 
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be overcome by the use of a barium-impregnated "dispenser" cathode, and 
this should be investigated. 
It also seems likely that, given the high-density, low-energy 
plasma which the discharge neutralizer forms between itself and the 
thrust beam, this would be a fortuitous location for an electron emissive 
probe. 
would be an approximate indication of the thrust beam plasma potential, 
and, hence of neutralizer effectiveness. 
made of the accuracy with which the thrust beam potential could be 
indicated by comparison of neutralizer current and neutralizer plasma 
potential. 
The floating potential of a probe in the neutralizer plasma 
An investigation should be 
, 
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I. 1"RODUCTION 
it is n o t  o n l y  desirable bu t  o f t e n  e s s e n t i a l  t o  know t h e  
electric f i e l d  s t r e n g t h  on t h e  s u r f a c e  o f  a s p a c e c r a f t .  If t h e  
v e h i c l e  c o n t a i n s  onboard  i n s t r u m e n t a t i o n  for measurements  on  
t h e  c h a r g e d  p a r t i c l e s  i n  s p a c e ,  both t h e  d i r e c t i o n a l i t y  and 
t h e  ene rgy  of t h e s e  p a r t i c l e s  may be i n f l u e n c e d  by t h e  s u r f a c e  
electric f i e l d .  If t h e  s p a c e c r a f t  is p r o p e l l e d  by a n  electric 
p r o p u l s i o n  u n i t ,  t h i s  surface electr ic  f i e l d ,  a n d ,  hence ,  t h e  
p o t e n t i a l  of t h e  v e h i c l e  r e l a t i v e  t o  its s u r r o u n d i n g  e n v i r o n -  
ment,  may be s e n s i t i v e l y  i n f l u e n c e d  by t h e  e f f e c t i v e n e s s  of 
t h e  t h r u s t  beam n e u t r a l i z a t i o n .  C o n v e r s e l y ,  t h e  measurement 
of t h e  s u r f a c e  electric f i e l d  may be u t i l i z e d  as a d i a g n o s t i c  
measure of the per formance  o f  t h e  t h r u s t o r  n e u t r a l i z a t i o n ,  
The pu rpose  of a n  electric f i e l d  meter ( E - m e t e r )  is to 
d e t e r m i n e  t h e  electric f i e l d  a t  a p o i n t  on  t h e  s u r f a c e  of a 
syacecraft. From t h i s  measured f i e l d  s t r e n g t h  and a p r e v i o u s  
c a l i b r a t i o n  o f  the  s p a c e c r a f t - & m e t e r  s y s t e m ,  t h e  p o t e n t i a l  of 
t h e  v e h i c l e  r e l a t i v e  t o  its s u r r o u n d i n g s  is i n f e r r e d ,  Two 
b a s i c a l l y  d i f f e r e n t  E - m e t e r s  have  been  employed t o  d e t e r m i n e  
t h i s  s u r f a c e  f i e l d .  Both meters make u s e  o f  t h e  effect of 
electric f i e l d s  upon c h a r g e s .  The f i r s t ,  and p e r h a p s ,  most 
f a m i l i a r  t y p e  of E-meter  is t h e  " f i e l d - m i l l t l  o r  " r o t a t i n g  vane" 
E-meter  .' I n  t h i s  i n s t r u m e n t  a c o n d u c t i n g  s u r f  ace is p e r i o d i c a l l y  
* 
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exposed  t o  and  shielded from t h e  electric f i e l d ,  u s u a l l y  by 
means of a s e c o n d ,  rotating, c o n d u c t o r .  The a l t e r n a t i n g  
electric f i e l d  o n  t h e  s t a t i c  c o n d u c t o r  c a u s e s  t h e  p l a t e  t o  
a l t e r n a t e l y  c h a r g e  and d i s c h a r g e .  The r e s u l t i n g  induced  c u r r e n t s  
are measured and t h e  e l e c t r i c  f i e l d  on t h e  s u r f a c e  of t h e  s p a c e -  
craft is d e t e r m i n e d  th rough  a c o m p a r a t i v e l y  simple f u n c t i o n a l  
r e l a t i o n s h i p  of t h e  c u r r e n t  t o  t h e  electric f i e l d  s t r e n g t h .  
A s e c o n d  t y p e  of E-meter is t h e  e m i s s i v e  E-meter which 
employs a c u r r e n t  of free electrons. The trajectories of t h e s e  
electrons are a f f e c t e d  by t h e  electric f i e l d .  This r e s u l t s  i n  
a f u n c t i o n a l  r e l a t i o n s h i p  between t h e  electric f i e l d  and t h e  
d i s t r i b u t i o n  of t h e  c u r r e n t  t o  t h e  c o l l e c t i n g  e l e m e n t s .  The 
e l e c t r o n  c u r r e n t  may be a c a r e f u l l y  collimated b e a m  of  mono- 
e n e r g e t i c  electrons from a n  e l e c t r o n  gun and o p t i c a l  s y s t e m  or 
it may be t h e  r a t h e r  d i f f u s e  e l e c t r o n  c u r r e n t  e m i t t e d  by a 
h e a t e d  s u r f a c e .  I n  g e n e r a l ,  t h e  s o u r c e  of t h e  electrons is 
n e g a t i v e  w i t h  r e s p e c t  t o  t h e  c o l l e c t i n g  s u r f a c e s .  T h i s  E-meter  
may t h e n  be d e s c r i b e d  as a triode w i t h  t h e  e lectr ic  f i e l d  s e r v -  
i n g  t h e  f u n c t i o n  of a c o n t r o l  g r i d .  
E -me te r s  of t h i s  e m i s s i v e  t y p e ,  which employed a h e a t e d  
bar ium impregnated  porous t u n g s t e n  c y l i n d e r  f o r  t h e  c a t h o d e  
and a f l a t  a n n u l a r  anode' were s u c c e s s f u l l y  u s e d  i n  t h e  Ion  
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Following t h i s  f i r s t  series of  tests t h e  e m i s s i v e  E-meter 
w a s  r e d e s i g n e d .  The porous  t u n g s t e n  " b u t t o n "  c a t h o d e  w a s  re- 
placed by a h e a t e d  t u n g s t e n  whose e m i s s i o n  p r o p e r t i e s  are less 
s u b j e c t  t o  t h e  d e l e t e r i o u s  e f f e c t s  of t h e  p r e - l a u n c h  and  l a u n c h  
env i ronmen t s .  
A v a r i e t y  o f  e m i s s i v e  E-meter c o n f i g u r a t i o n s  have  been i n -  
v e s t i g a t e d  i n  order t o  s t u d y  t h e  f o l l o w i n g  i n s t r u m e n t a l  p r o p e r -  
ties: (1) t h e  s e n s i t i v i t y  of t h e  E-meter  to  a wide range of 
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magnitudes of e lectr ic  f i e l d s ;  (2) t h e  r e l i a b i l i t y  and repro- 
d u c i b i l i t y  of t h e  response t o  electric f ie lds ;  (3) t he  sensi- 
t i v i t y  t o  environmental  condi t ions  such as outgassing of t h e  
veh ic l e ,  u l t r a v i o l e t  r a d i a t i o n ,  plasmas, con tac t  p o t e n t i a l  
effects, and magnetic f i e l d s ;  (4) t h e  power demands; and ( 5 )  t h e  
response t o  rap id  changes i n  electric f ie lds .  
11. GENERAL DISCUSSION OF THERMIONIC EMISSIVE E-METERS 
The emissive E-meters described i n  t h i s  paper employ what 
may be described as a n  unfocused e l e c t r o n  b e a m  which consists 
of electrons t r a v e r s i n g  a wide v a r i e t y  of t r a j e c t o r i e s .  The 
e l e c t r o n  c u r r e n t  is produced by an  extended f i lament  ( w i t h  one 
except ion)  which is heated t o  a temperature  s u f f i c i e n t l y  high 
so t h a t  electrons are f r e e l y  emitted from its s u r f a c e ,  The 
f i l amen t  is self-biased i n  part by means of t h e  heating vol tage .  
An a d d i t i o n a l  p o t e n t i a l  d i f f e r e n c e  is usua l ly  app l i ed  between 
the  f i lament  or cathode and t h e  collecting surfaces or  anodes. 
Seve ra l  c o l l e c t i n g  plates  are placed i n  a symmetrical manner 
about t he  cathode w i t h  t he  cathode along t h e  symmetry plane.  
Seve ra l  geometrical arrangements of t h e  c o l l e c t i n g  plates 
were s t u d i e d  and are described i n  d e t a i l  i n  t h e  next s e c t i o n .  
In add i t ion ,  meters having a cathode t h a t  c o n s i s t s  of only a 
bare f i l amen t ,  a f i lament  p a r t i a l l y  enclosed by a hood, and 
a filament-hood-grid s t r u c t u r e  were examined. The f i l amen t s  
were either 0.002 inch  tungsten o r  0.002 inch  tungsten-Z6% 
rhenium, and were approximately one inch  i n  length.  One meter 
has  a f i lament  in t h e  form of a s m a l l  loop, The f i lament  
is pos i t ioned  close t o  the i n n e r  c o l l e c t i n g  s u r f a c e s  (1/8 inch  
above t h e  i n n e r  plates i n  t h e  plane collector meter). Tungsten 
w a s  selected for t h e  f i lament  s i n c e  t h e  e l e c t r o n  emission from 
a heated tungs ten  s u r f a c e  is less s u b j e c t  t o  d e t e r i o r a t i o n  than  
the  more complex, l o w  work f u n c t i o n  surfaces.  The 0.002 inch  
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tungs ten  wire is a compromise between l o w  power consumption and 
high s t rength.  
t h e  f i lament  of a calibrated meter wi th  a tungs ten  f i lament  
would have t o  be replaced before t h e  v e h i c l e  launch. Tungsten- 
26% rhenium f i l amen t s  do not become brittle and their use el imin-  
ates t h e  need of f i lament  replacement after i n i t i a l  c a l i b r a t i o n .  
However, a t u n g s t e n 4 6 5  rhenium f i lament  r e q u i r e s  somewhat more 
power than a pure tungs ten  f i l amen t .  
S ince  a tungs ten  w i r e  embrittles upon heating, 
A schematic diagram of t y p i c a l  e l e c t r o n  trajectories for  
an E-meter w i t h  a bare f i lament  and p lane  c o l l e c t i n g  surfaces 
is shown i n  Fig. 1. The cathode is held nega t ive  w i t h  respect 
t o  t h e  collecting plates which are a t  t h e  same p o t e n t i a l  as t h e  
surface of t h e  veh ic l e .  The c e n t e r  or i n n e r  c o l l e c t i n g  plates 
i n t e r c e p t  more c u r r e n t  per u n i t  area t h a n  t h e  o u t e r  plates. 
When t h e  veh ic l e  is negat ive w i t h  respect t o  its surroundings,  
t h e  cathode emission is increased and t h e  average c u r r e n t s  
collected by the  anodes are decreased. This r e s u l t s  from a n e t  
s h i f t  outward of t h e  e l e c t r o n  trajectories. When t h e  v e h i c l e  
is p o s i t i v e  the cathode emission is decreased. The e l e c t r o n  
trajectories now tend  to crowd inward w i t h  an  o v e r a l l  i nc rease  
i n  t h e  t o t a l  plate cu r ren t ,  a t  least up t o  a po in t .  Thus, 
t he  electric f i e l d  near  the s u r f a c e  of t h e  v e h i c l e  e x e r t s  a 
c o n t r o l  on the  e l e c t r o n  paths  t o  the  c o l l e c t i n g  s u r f a c e s .  There 
e x i s t s  a f u n c t i o n a l  r e l a t i o n s h i p  between t h e  c u r r e n t  t o  any 
c o l l e c t i n g  plate and t h e  average electric f i e l d  t h a t  e x i s t s  i n  
t h e  reg ion  t r ave r sed  by the  electrons. However, t he  c u r r e n t  
t o  a plate or to  a pair of symmetrically pos i t i oned  s u r f a c e s  
may be double valued so t ha t  t h e  electric f i e l d  cannot be un- 
ambiguously determined at all t i m e s  f r o m  measurements of the  
c u r r e n t  to one plate or t o  a p a i r  of p l a t e s .  I n  o r d e r  to de- 
termine the  electric f i e l d  i n  these cases it is necessary t o  
measure two c u r r e n t s .  E i t h e r  t he  f i l amen t  emission c u r r e n t  and 
one c o l l e c t i n g  s u r f a c e  c u r r e n t  may be measured or t h e  c u r r e n t s  
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t o  two or more sets  of these sens ing  elements determined. The 
c u r r e n t  t o  the  c o l l e c t o r  j u s t  b e l o w  t h e  f i lament  is t h e  least 
sensitive t o  the  inf luence  of a n  electric f i e l d  and provides  a 
measure of the emission s t a b i l i t y  of t h e  f i lament .  
The s e n s i t i v i t y  of the meter depends on how r e a d i l y  t h e  
e l e c t r o s  Sre bent by the electric field. Sizcrt the r2dius of 
curva tu re  of the  e l e c t r o n s  i n  an  electric f i e l d  is propor t iona l  
to  the  e l e c t r o n  energy, l o w  energy e l e c t r o n s  w i l l  m a k e  a more 
s e n s i t i v e  instrument ,  t h a t  is, a meter t h a t  w i l l  respond t o  
s m a l l  e lectric f i e lds .  However, low energy electrons are a l s o  
e a s i l y  bent by a magnetic f i e l d  and t h i s  effect could impair 
t h e  performance of t h e  meter. Another cons ide ra t ion  e n t e r i n g  
i n t o  t h e  choice of t h e  e l e c t r o n  energy is t h e  hea t ing  vo l t age  
drop along the f i lament .  This is approximately 4 v o l t s  for a 
one inch  long, 0.002 inch diameter tungs ten  f i l amen t ,  and leads 
t o  a d i s t r i b u t i o n  of e l e c t r o n  e n e r g i e s  a long t h e  f i l amen t .  The 
e l e c t r o n  a c c e l e r a t i o n  vol tage should be large compared t o  t h i s  
vol tage  increment i n  order to  m a k e  an  instrument  of uniform 
response along t h e  length of t h e  f i lament  and t o  reduce t h e  
effects of a change in t h e  hea t ing  vo l t age  i n  t h e  response of 
t h e  meter. These cons idera t ions  lead t o  a choice  of t h e  
e l e c t r o n  accelerating vol tage i n  t h e  r eg ion  of 10 t o  20 v o l t s .  
For electrons of t h i s  energy t h e  r a d i u s  of cu rva tu re  produced 
by a 1 gauss  magnetic f i e l d  (a v e h i c l e  in polar orb i t  might 
encounter  magnetic f i e l d s  from 0 .2  t o  0.75  gauss) approximately 
equa l s  t h e  r a d i u s  of cu rva tu re  produced by a n  electric f i e ld  of 
1 volt/cm. For higher  energy electrons t h e  E-meter  becomes 
r e l a t i v e l y  more s e n s i t i v e  to  magnetic f i e l d s  s i n c e  t h e  r a d i u s  
of cu rva tu re  of an  electron i n  a magnetic f i e l d  is p ropor t iona l  
t o  the  square root of t h e  e l e c t r o n ' s  energy w h i l e  i n  an electric 
f i e l d  it is propor t iona l  t o  t h e  energy. 
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Figure 1 i l l u s t r a t e s  t he  e f f e c t  of a magnetic f i e l d  p a r a l l e l  
t o  t h e  f i lament  (g rea t ly  exaggerated). A l l  e lectron orbi ts  
are deflected i n  a s i m i l a r  way w i t h  approximately t h e  same 
number of trdectories b e n t  on to  t h e  l e f t  p l a t e  as are bent 
away from the corresponding r i g h t  hand p l a t e .  The effect of a 
magnetic f i e l d  parallel t o  t h e  f i lament  is reduced by t he  
symmetry p r o p e r t i e s  of the meter i f  t h e  c u r r e n t s  collected by 
p l a t e s  symmetrically placed w i t h  r e spec t  t o  t h e  f i lament  are 
added. Magnetic f i e l d s  perpendicular  t o  the  f i lament  e x e r t  a 
smaller inf luence  on the e l e c t r o n  paths. Tes t s  were performed 
w i t h  magnetic f i e l d s  both p a r a l l e l  t o  t h e  f i lament  and i n  t h e  
plane perpendicular  to the f i l m e n t .  These tests i n d i c a t e  t h a t  
a meter w i t h  symmetrically pos i t ioned  plane collecting s u r f a c e s  
is insens i t i ve  t o  magnetic f i e l d s  of up t o  2 gauss .  That is, 
t h e  change i n  t h e  cu r ren t  t o  a symmetric p a i r  of collecting 
plates caused by t h e  2 gauss f i e l d  is less than  t h e  cu r ren t  
change produced by a 0.2 v o l t / c m  change i n  E. 
Two modifications of t he  exposed f i lament  plane collector 
geometry were examined. By plac ing  t h e  collecting surface i n  
a shallow vee or on t h e  inside s u r f a c e  of a semi-cylinder, t h e  
t o t a l  charge collected by these s u r f a c e s  can be enhanced. The 
f i lament  is also protected by t h e  collecting su r faces .  On t h e  
o t h e r  hand, the  response to  electric f i e l d s  should be s l i g h t l y  
reduced s i n c e  the  f ie ld  must  now pene t r a t e  i n t o  t he  c a v i t y  and 
act on s l i g h t l y  s h o r t e r  e l e c t r o n  paths from the  f i lament  t o  
t h e  collectors. The "vee" E-meter  is less s e n s i t i v e  t o  s m a l l  
electric f i e l d s  than  the "plane1' X - m e t e r  but offers a more 
extended response t o  l a rge r  electric f i e l d s .  If t h e  f i lament  
is on t h e  apex of a convex surface such as an  i s o s c e l e s  prism 
w i t h  t h e  c o l l e c t i n g  su r faces  forming t h e  sides, the e l e c t r o n  
trajectories are on t h e  average longer  and, consequently are 
deflected more by an electric f i e ld .  However, t h e  cu r ren t  
d e n s i t y  t o  t h e  c o l l e c t i n g  s u r f a c e s  is less. This  meter is more 
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s e n s i t i v e  t o  s m a l l  electric f i e l d s  and responds t o  a shorter 
range of electric f i e l d  strengths. 
By plac ing  a conducting hood over  t h e  f i lament ,  t he  f i lament  
may be shielded f r o m  t h e  inf luence  of e x t e r n a l  electric f i e l d s .  
The cathode cu r ren t  is then r e l a t i v e l y  independent of t he  electric 
f i e l d  and may be used as a monitor of t h e  f i lament  emission 
characteristics. By normalizing the  c u r r e n t s  t o  the  collecting 
s u r f a c e s  by means of t h e  sh i e lded  cathode emission, t h e  e f f e c t s  
of f l u c t u a t i o n s  of t h e  cathode emission on t h e  meter performance 
can  be taken i n t o  account. However, now t h e  f i lament  emis s ion  
can no longer  s e rve  as a measure of large electric f i e l d  strengths 
as it does for t he  unshielded meter. 
The hood is simply a metal f o i l  shaped t o  be t he  upper 
su r face  of a c y l i n d e r  whose axis is t h e  cathode (See Fig.  7 ) .  
The s i d e s  of the cy l inde r  are open t o  permit the  p a r t i a l l y  
collimated e l e c t r o n  beam t o  escape. Addit ional  g r id  s t r u c t u r e s  
can also be added to  enhance t h e  cu r ren t  and o b t a i n  greater 
c o n t r o l  of t he  energ ies  and trajectories of t h e  electrons. The 
simplest g r id  c o n s i s t s  of a w i r e  mesh placed over  t h e  open s ides  
of t h e  cy l inder .  The combination of a hood and g r i d  e f f e c t i v e l y  
s h i e l d s  t he  f i lament  and provides a s imple  c o n t r o l  of t h e  e l e c t r o n  
energy. 
The f i lament  is held  i n  place by means of a loca t ing  screw 
and s p r i n g  assembly. The spring provides t h e  necessary t ens ion  
t o  keep t h e  hot f i lament  t i g h t  and a l igned .  On t h e  e a r l y  models 
tested a simple bent w i r e  provided the  s p r i n g  tens ion .  One end 
of t h e  f i lament  w a s  welded on to  t h i s  bent w i r e  and t h e  other 
w a s  welded t o  a f ixed  support .  In order t o  faci l i ta te  f i lament  
replacement and t o  permit the  accurate pos i t i on ing  of a f i lament ,  
a s m a l l  clamp has been designed. The f i l a m e n t  is now posi t ioned 
by means of a groove or a locating p i n  and can be replaced t o  
wi th in  0.005" of its former pos i t i on .  The necessary t ens ion  
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is obtained from a small co i l  s p r i n g  i n s i d e  the holder assembly. 
111. DESCRIFI'ION OF E-YBTgff GEOYIETRIES INVESTIGATED 
One of t he  simpler electric f i e l d  meters consists of a 
plane a r r a y  of c o l l e c t i n g  p l a t e s  and a t h i n  f i lament  supported 
above and parallel  t o  t h e  p lane  of the  c o l l e c t o r s .  The c o l l e c -  
t i n g  plates are symmet r i ca l ly  pos i t i oned  about t h e  f i lament .  
F igure  2 i l l u s t r a t e s  a r ep resen ta t ive  model. The o v e r a l l  size 
of t h e  meter i l l u s t r a t e d  is approximately 2 inches  by 4 inches.  
Typical  plate dimensions are 1 inch  by 1/4 inch  for t h e  inne r  
p l a t e s  (plates c l o s e  to  t h e  f i l amen t )  and 1 inch  by 1/2 inch 
f o r  t h e  o u t e r  plates. The f i l amen t  is 0.002 inch diameter 
tungs ten  w i r e ,  one inch  long, and is pos i t i oned  1/8 inch above 
t h e  collector plane.  
I n  order t o  i n v e s t i g a t e  t he  effect of collector geometry 
on t h e  s e n s i t i v i t y  of t h e  meter s e v e r a l  modi f ica t ions  of t h e  
plane c o l l e c t o r  geometry were s t u d i e d .  One modi f ica t ion  is 
shown i n  F ig ,  3. I n  t h i s  meter t h e  i n n e r  collecting s u r f a c e s  
have been raised t o  form an inve r t ed  vee w i t h  t h e  f i lament  
above t h e  apex. 
F igure  4 i l l u s t r a t e s  the opposite modif icat ion.  A l l  but  
t h e  t w o  o u t e r  c o l l e c t o r  plates have been depressed t o  form a 
w i d e  vee,  A s l i g h t l y  d i f f e r e n t  ve r s ion ,  shown i n  Fig. 5 ,  
mounts t h e  collecting plates on  a semicyl inder  w i t h  t h e  f i l a -  
ment on t h e  axis of t h e  cy l inde r .  
An E-meter  possessing azimuthal  symmetry is i l l u s t r a t e d  
i n  Fig.  6. The i n n e r  c o l l e c t i n g  s u r f a c e s  form a shallow cone. 
The o u t e r  c o l l e c t o r  is f l a t  and may r ep resen t  t h e  s u r f a c e  of 
t h e  veh ic l e .  The f i l a m e n t  is a s m a l l  loop of tungs ten  wire. 
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FILAMENT 
Figure 2. Plane Collecting Plate E-meter 
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Figure 3 .  Inverted Vee C o l l e c t i n g  P l a t e  E-meter 
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Figure 4.  Vee Collecting Plate E-meter 
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Figure 5 .  Cyl indrica l  C o l l e c t i n g  Surface E - m e t e r  
13 
C 0 LLECT I NG 
BASE SUPPORT 
Figure 6 .  Azimuthally Symmetric E-meter With Conical 
Collecting Surf aces 
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F i g u r e  7 shows a p lane  c o l l e c t o r  m e t e r  w i t h  t h e  f i l a m e n t  
hooded. The o v e r a l l  d imens ions  are a p p r o x i m a t e l y  6 i n c h e s  by 
2 i n c h e s  w i t h  t h e  o u t e r  p l a t e s  one i n c h  s q u a r e .  
A l l  E -me te r s  w e r e  c a l i b r a t e d  i n  a c y l i n d r i c a l  vacuum tank 
a p p r o x i m a t e l y  20 i n c h e s  long and 18 i n c h e s  i n  diameter, o p e r a t i n g  
a t  '5 x 1 0 - 6 t o r r ,  
aluminum base p l a t e  of  t h e  vacuum t a n k .  A large f l a t  uppe r  
p l a t e  w a s  s u p p o r t e d  above t h e  meter. T h i s  p l a t e  w a s  p a r a l l e l  
t o  t h e  base  p l a t e  and could be raised or lowered t o  change  t h e  
d i s t a n c e  between t h e  p l a t e  and t h e  E-meter .  A u n i f o r m  electric 
f i e l d  was produced  by a p p l y i n g  a p o t e n t i a l  d i f f e r e n c e  between 
t h e  base p l a t e  and t h e  movable u p p e r  p l a t e .  With t h e  p o t e n t i a l  
of t h e  u p p e r  p l a t e  p o s i t i v e  w i t h  r e s p e c t  t o  t h e  base p l a t e ,  a n  
electric f i e l d  is produced w i t h  t h e  E v e c t o r  p o i n t i n g  i n t o  t h e  
base p l a t e .  T h i s  f i e l d  is c o n s i d e r e d  t o  be a p o s i t i v e  electric 
f i e l d  i n  t h i s  p a p e r .  
The meter was p l a c e d  on t h e  h o r i z o n t a l  
R e p r e s e n t a t i v e  r e sponse  c u r v e s  of E-me te r s  are shown i n  
F i g s .  8 t h r o u g h  14 .  F i g u r e s  8 and 9 show t h e  response of t h e  
p l a n e  c o l l e c t i n g  p l a t e  E-meter of F i g .  2. The t u n g s t e n  f i l a m e n t  
h e a t i n g  c u r r e n t  w a s  0.60 amperes .  The f i l a m e n t  power w a s  a p p r o x i -  
m a t e l y  3 w a t t s .  The collecting p l a t e s  were 10 v o l t s  p o s i t i v e  
w i t h  r e s p e c t  t o  base p l a t e  and t h e  c a t h o d e .  F i g u r e  8 shows t h e  
r a t i o  of t h e  c u r r e n t  t o  t h e  t w o  i n t e r m e d i a t e  p a i r s  of collec- 
t i n g  p l a t e s  Io d i v i d e d  by t h e  c a t h o d e  c u r r e n t  IE p l o t t e d  as a 
f u n c t i o n  of  t h e  electric f i e l d  s t r e n g t h .  The r e s p o n s e  of t h e  
c u r r e n t  t o  t h e s e  p la tes  is d o u b l e  v a l u e d  and f rom t h i s  r e s p o n s e ,  
t h e r e  are, i n  g e n e r a l ,  two p o s s i b l e  v a l u e s  of E. The measurement 
of t h e  c a t h o d e  c u r r e n t ,  i n  t u r n ,  selects t h e  a p p r o p r i a t e  f i e l d  
v a l u e  i n c l u d i n g  the s i g n .  F i g u r e  9 shows t h e  E - f i e l d  
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COLLECTING PLATES 
Figure 7 .  Plane Collecting P l a t e  Hooded-Filament E - m e t e r  
16 
Figure 8.  Response O f  A Plane C o l l e c t i n g  P l a t e  Emissive 
E-meter To Electric F i e l d s .  The P o s i t i v e  
Direction Of The Electric F i e l d  I s  Into  The 
Vehicle. IE Is The Cathode Emission Current. 
Io I s  The Current To The Outer Pa ir  O f  C o l l e c t i n g  
P l a t e s  
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Figure 9 .  Response Of A Plane Collecting P l a t e  E-meter  
To Electric Fields.  
Inner Pair Of Collecting P l a t e s .  
Cathode Current. 
II Is The Current To The 
IE Is The 
dependence  of the  c u r r e n t  t o  t h e  i n n e r  p a i r  of  c o l l e c t i n g  p l a t e s .  
The c u r r e n t  t o  t h e  i n n e r  p a i r  o f  p l a t e s  is less s e n s i t i v e  t o  
c h a n g e s  i n  t h e  electric f i e l d  and c o n s t i t u t e s  t h e  h i g h  f i e l d  o r  
l o w  s e n s i t i v i t y  r a n g e .  A measurement of t h e  c u r r e n t  t o  t h e  
i n n e r  c o l l e c t i n g  p l a t e s  g i v e s  bo th  t h e  magni tude  and t h e  s i g n  
of t h e  electric f i e ld .  
The c u r r e n t  c o l l e c t e d  by any symmetrical p a i r  o f  p la tes  
proved  to  be s e n s i t i v e  t o  t h e  h e i g h t  o f  t h e  f i l a m e n t  above 
t h e  c o l l e c t i n g  p l a t e s .  The m o d i f i e d  f i l a m e n t  h o l d e r  d i s c u s s e d  
i n  S e c t i o n  I1 p e r m i t t e d  t h e  r e p e a t e d  r e p l a c e m e n t  of a f i l a m e n t  
w i t h  n e g l i g i b l e  change  i n  meter r e s p o n s e .  The collected c u r r e n t s  
are also s e n s i t i v e  t o  t h e  p o t e n t i a l s  o f  t h e  p l a t e s .  A compari-  
s o n  of t h e  c u r r e n t s  to  t h e  i n n e r  and o u t e r  p l a t e s  c a n  reduce t h e  
u n c e r t a i n t y  r e f l e c t e d  i n  p l a t e  bias s h i f t s ,  However, it is 
advisable t o  c a r e f u l l y  stabilize t h e  bias s u p p l y  t o  better t h a n  
- + 1/2 vo l t .  
to  f i l a m e n t  power f l u c t u a t i o n s  s i n c e  t h e  f i l a m e n t  is o p e r a t e d  
unde r  s p a c e  c h a r g e  limited c o n d i t i o n s .  
The r e sponse  of t h e  meter is r e l a t i v e l y  i n s e n s i t i v e  
The f u n c t i o n a l  dependence of t h e  c u r r e n t  t o  t h e  o u t e r  pa i r  
o f  c o l l e c t i n g  p l a t e s  of t h e  i n v e r t e d  vee meter ( F i g .  3) is 
g i v e n  i n  F i g .  10. The t u n g s t e n  f i l a m e n t  h e a t i n g  c u r r e n t  is 
0.60  amps and t h e  power d i s s i p a t i o n  is a p p r o x i m a t e l y  3 w a t t s .  
The collector p l a t e s  are 10 v o l t s  p o s i t i v e  w i t h  r e s p e c t  t o  base 
p l a t e  and t h e  f i l a m e n t .  With zero electric f i e l d  t h e  ave rage  
collector c u r r e n t  d e n s i t y  is abou t  0.03 mA/cm e The comments 
c o n c e r n i n g  t h e  f i l a m e n t  p o s i t i o n  and c o l l e c t o r  p l a t e  bias made 
f o r  t h e  p l a n e  c o l l e c t i n g  p l a t e  meter also a p p l y  here. The 
p l a t e  c u r r e n t s  are much more s e n s i t i v e  t o  s m a l l  e lectric f i e l d s  
t h a n  t h e  c o r r e s p o n d i n g  c u r r e n t s  of t h e  p l a n e  E-me te r  (See F i g .  8 ) .  
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F i g u r e s  11 and 12 i l l u s t r a t e  t h e  f u n c t i o n a l  r e l a t i o n s h i p  of  
e lectr ic  f i e l d s  t o  t h e  c u r r e n t s  a t  t h e  o u t e r  and i n n e r  p a i r s  o f  
collecting p l a t e s  of a p lane  c o l l e c t i n g  p l a t e  E-me te r  which has 
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Figure 10. R e s p o n s e  Of The Inverted V e e  C o l l e c t i n g  P la te  
E m i s s i v e  E-meter To Electric F i e l d s .  The Rat io  
O f  The Outer Collecting P l a t e s  Current To The 
Cathode Emission (Io/IE) I s  Given As A Function 
O f  The Electric F i e l d  
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Figure 11. Response Of The Plane C o l l e c t i n g  P l a t e  Hooded 
Filament E - m e t e r  To Electric F i e l d s .  The Ratio 
O f  The Outer C o l l e c t i n g  P l a t e  Current To The 
Cathode Emission (Io/IE) I s  Given As A Function 
O f  The Electric F i e l d .  The C o l l e c t i n g  P l a t e s  
A r e  P o s i t i v e  With Respect To The Vehic le  
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Figure 12. Response O f  The Plane C o l l e c t i n g  P l a t e  Hooded 
Filament E-meter.  
P l a t e  Current To The Cathode Emission Current 
( II / IE)  I s  Presented As A Function O f  The Electric 
F i e l d .  
Respect To The Vehic le  
The Ratio Of The Inner C o l l e c t i n g  
The Collector P l a t e s  A r e  P o s i t i v e  With 
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a hooded f i lament .  The cu r ren t  t o  t h e  o u t e r  c o l l e c t i n g  p l a t e s  
shows a double valued r e l a t i o n s h i p  t o  t h e  electric f i e l d .  The 
t u n g s t e n  f i lament  power is 3 watts .  The outer p a i r  of p l a t e s  is 
20 v o l t s  p o s i t i v e .  The inner  p a i r  of collecting p l a t e s  is 
10 vol t s  p o s i t i v e .  
is almost independent of t he  electric f ie ld .  The c u r r e n t  t o  
t h e  c o l l e c t i n g  p l a t e s  is still s e n s i t i v e  t o  t h e  p l a t e  p o t e n t i a l .  
However, t h e  p o s i t i o n  of the  f i lament  is n o t  as cr i t ical  t o  t h e  
o v e r a l l  meter performance. 
Note t h a t  t h e  cathode emission c u r r e n t  Ig: 
A t y p i c a l  p lane  c o l l e c t o r  hooded f i lament  meter is i l l u s t r a t e d  
i n  Fig.  7 .  This  meter was a l s o  calibrated w i t h  t h e  c o l l e c t i n g  
p l a t e s  and hood a t  t h e  vehic le  (base p l a t e )  p o t e n t i a l  and with 
t h e  f i lament  24 v o l t s  negative.  The response of t h i s  meter t o  
electric f i e l d s  under t h e s e  cond i t ions  is shown i n  F ig .  13. 
The response proved to be r e l a t i v e l y  i n s e n s i t i v e  to  t h e  f i lament  
emission and p o t e n t i a l  as long as t h e  c u r r e n t s  t o  t h e  c o l l e c t i n g  
p l a t e s  were normalized to t h e  emission c u r r e n t .  
By p lac ing  a coarse grid ove r  t h e  open s i d e s  of a hooded 
f i lament  E-meter  t h e  cu r ren t  d e n s i t y  to t h e  c o l l e c t i n g  p l a t e s  
w a s  increased  s l i g h t l y .  Both t h e  hood and gr id  are about 1/2 
inch  from t h e  f i lament  and so do not exert a s t r o n g  c o n t r o l  
over  t h e  f i lament  emission cu r ren t .  The hood p l u s  g r i d  s t r u c t u r e  
q u i t e  e f f e c t i v e l y  s h i e l d s  t h e  f i l amen t  from e x t e r n a l  electric 
f i e l d s  ( t o  about one p a r t  i n  200 for E f i e l d s  up t o  40 volts/cm). 
The a d d i t i o n  of a second g r i d  s t r u c t u r e  closer t o  t h e  cathode 
has  been shown t o  g i v e  a cons iderable  enhancement of t h e  c u r r e n t  
to t h e  c o l l e c t i n g  p l a t e s .  
The c u r r e n t  response t o  electric f ie lds  of a grided hooded 
E-meter  is g iven  i n  Fig.  14. The c o l l e c t i n g  s u r f a c e s ,  hood, 
and g r i d  are a t  t h e  p o t e n t i a l  of t h e  base p l a t e .  The cathode 
is 20 v o l t s  negat ive.  Filament power is approximately 2 . 5  watts.  
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Figure 13. Response O f  Plane C o l l e c t i n g  P la te  Hood Filament 
E-meter. 
P o t e n t i a l .  
The Co l l ec t ing  P l a t e s  Are A t  Vehicle  
The Cathode I s  Negatively Biased.  
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Figure 14. Response O f  A Shallow V e e  Collecting P la te  Hooded 
Filament E - m e t e r  With A Grid. 
P l a t e s  Hood And Grid Are A t  The P o t e n t i a l  O f  
The Vehicle.  The Cathode Is Negatively Biased 
The Collecting 
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I n  a d d i t i o n  t o  t h e  dc ope ra t ion  i n  which t h e  f i l amen t  
hea t ing  c u r r e n t  is cons tan t ,  the  E - m e t e r  can be used a s  a 
pulsed  instrument  by p e r i o d i c a l l y  heating t h e  f i lament  w i t h  a 
rectified ac c u r r e n t .  If t h e  pu l s ing  rate is s u f f i c i e n t l y  
fas t ,  t h e  f i l a m e n t  w i l l  remain hot dur ing  the  non-heating part 
of the  cyc le .  During t h i s  per iod  t h e  cathode is a u n i p o t e n t i a l  
sou rce  of e l e c t r o n s .  The f i lament  of t h e  hooded f i l amen t ,  p lane  
collector E-meter shown in Fig. 7 w a s  heated by a 250 c y c l e  per 
second pulsed  voltage. The c u r r e n t  t u  t h e  collecting plates 
dur ing  t h e  non-heating period w a s  measured and t h e  r e s u l t i n g  
response curve t o  electric f i e l d s  w a s  i d e n t i c a l  t o  t h a t  ob ta ined  
w i t h  dc ope ra t ion  of t h e  f i l amen t .  
An E-meter  w i t h  p lane  c o l l e c t i n g  s u r f a c e s  w a s  calibrated. 
Its response w a s  then  examined i i i  t h e  presence of a magnetic 
f i e l d  success ive ly  app l i ed  along three mutually perpendicular  
directions: (I) parallel  t o  t h e  f i lament ,  (2) perpendicular  
t o  t h e  f i lament  and the plane of t h e  collectors, and (3) per- 
pendicular  t o  the  f i l amen t  and parallel t o  the  collecting plates.  
Magnetic fields as large as 2 gauss  a long any d i r e c t i o n  produced 
no measurable effect on t h e  performance of t he  E-meter .  A 
magnetic f i e l d  s t r e n g t h  of over 5 g a u s s  parallel  t o  t h e  p lane  
of t h e  c o l l e c t i n g  plates w a s  r equ i r ed  before  a no t i ceab le  
change i n  t h e  c u r r e n t  t o  a symmetrical pa i r  of c o l l e c t i n g  plates 
occurred.  A 5 g a u s s  magnetic f i e l d  perpendicular  t o  the collec- 
tor  plate produced a s m a l l  decrease i n  t h e  c u r r e n t s  t o  t h e  
collecting s u r f a c e s .  
Three d i f f e r e n t  models of t he  E - f i e l d  meter were sub jec t ed  
t o  a series of shake tests which s imula t e  t h e  shock of a v e h i c l e  
launch. The E-mete r s  were shaken along three mutually perpen- 
d i c u l a r  axes. The tests consisted of a combination of random 
no i se  and s i n u s o i d a l  v i b r a t i o n s  w i t h  f requencies  from 5 to 
2000 c y c l e s  p e r  second and amplitudes up t o  5 g rms for t h e  
s i n u s o i d a l  components and 0.12 g /cps for  t h e  random noise .  2 
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I n  a d d i t i o n ,  a f i l a m e n t  h o l d e r  w a s  fabricated tha t  pe rmi t t ed  t h e  
s imul taneous  v i b r a t i o n  testing of 12  f i l a m e n t s .  S e v e r a l  of t h e  
f i l a m e n t s  held i n  p l a c e  by means of a s i m p l e  ben t  w i r e  s p r i n g  
were damaged by t h e  tests. However, a l l  f i l a m e n t s  (0.002 i n c h  
t u n g s t e n  and 0.002 i n c h  t u n g s t e n  + 26% rhenium) he ld  i n  place 
by means of the  clamp c o i l  spring a s s e m b l y  s u r v i v e d  these tests 
when t h e  f i l a m e n t  t e n s i o n  equaled  or  exceeded 50 grams. S e v e r a l  
0.002 i n c h  tungsten-rhenium f i l a m e n t s  were heated under normal  
o p e r a t i n g  c o n d i t i o n s  for two h o u r s  and t h e n  s u b j e c t e d  t o  a shake 
test .  A l l  of these f i l a m e n t s  s u r v i v e d  t h e  tests undamaged. I n  
summary, a n  emis s ive  E-meter u s i n g  a 0.002 i n c h  f i l a m e n t  c a n  
s u r v i v e  t h e  v i b r a t i o n  encountered d u r i n g  a v e h i c l e  launch. 
The t ransi t  t i m e  of 20 eV e l e c t r o n s  from the  f i l a m e n t  t o  
t h e  outermost  plates is about lon7 seconds .  T h i s  s u g g e s t s  
t h a t  a n  upper l i m i t  t o  t h e  f requency  response of E - m e t e r s  of 
the  sizes described would be about  1 megacycle per second. 
T h i s  is borne o u t  by tests u s i n g  time-dependent E- f ie lds .  
The p o s s i b l e  impairment of the  E-meter performance by t h e  
so la r  r a d i a t i o n  and plasmas encountered  i n  space w a s  also i n -  
v e s t i g a t e d .  The p h o t o e l e c t r i c  c u r r e n t  induced by t h e  solar  
uv shou ld  be less t h a n  lo-’ amps pe r  s q u a r e  c e n t i m e t e r  from 
a c l e a n  s u r f a c e  and is n e g l i g i b l y  s m a l l  i n  comparison t o  t y p i c a l  
c o l l e c t i n g  plate c u r r e n t s  of 10 t o  100 pamps p e r  s q u a r e  c e n t i -  
meter. The c u r r e n t s  from t h e  plasma w i l l  depend upon plasma 
densi ty ,  v e h i c l e  p o t e n t i a l  r e l a t i v e  to  t h e  plasma,  and t h e  local 
p r o p e r t i e s  of t h e  plasma-vehicle s h e a t h .  For  t h e  most dense 
space plasmas, those a t  t h e  peak of t h e  F2 layer,’ t h e  particle 
c u r r e n t  densities t o  t h e  s p a c e c r a f t  are of t h e  order of 1 p A / c m  
Thus, t h e  ratios of t h e  s i g n a l  c u r r e n t  t o  t h e  n o i s e  c u r r e n t s  
are 50, a t  t h e  least, with still h igher  r a t i o s  p r e v a i l i n g  
a t  h i g h e r  a l t i t u d e s  above t h e  earth. 
2 
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The effects of t h e  presence of t h e  plasma cannot  be t o t a l l y  
neg lec t ed  i n  s u r f a c e  f i e l d  measurements, however. S i n c e  surface 
f ie lds  are i n t e r p r e t e d ,  i n  t u r n ,  i n  terms of t h e  v e h i c l e  p o t e n t i a l  
r e l a t i v e  t o  the space plasma, t h e  compl ica ted  re la t ionships  I 
between t h i s  p o t e n t i a l  increment ,  t h e  s u r f a c e  f i e ld ,  and t h e  
v a r i o u s  plasma parameters  must be t a k e n  i n t o  accoun t ,  Estimates 
of t h e  "f ie ld  enhancement factor" due t o  t h e  p resence  of t h e  
plasma are g iven  i n  R e f .  6, and would be u t i l i z e d  independent ly  
of t he  p a r t i c u l a r  method by which t h e  s u r f a c e  f i e l d  might be I 
l a r  spacecraft which w i l l  operate i n  some known r e g i o n  of t he  
space plasma, a p r e - c a l i b r a t i o n  i n  t he  l a b o r a t o r y  would be under- 
t a k e n .  The plasma wind t u n n e l  t e c h n i q u e s  described i n  R e f .  7 
have been a p p l i e d  t o  the  e m i s s i v e  E-meter shown i n  Fig.  7. 
Enhancement of the electric f i e l d  i n  approximate agreement with 
t h e  expec ted  enhancement has been observed.  
1 
I 
I determined.  In t h e  a p p l i c a t i o n  of an  E - f i e l d  meter t o  a p a r t i c u -  I 
I 
I 
I 
A second impor tan t  c o n s i d e r a t i o n  in t roduced  by t h e  p resence  I 
of t h e  plasma is the t h i c k n e s s  of t he  plasma sheath o v e r  t h e  
v e h i c l e .  S i n c e  t h e  electric f i e l d  ranges f r o m  its maximum a t  
t h e  surface of the v e h i c l e  t o  an  e s s e n t i a l l y  zero f i e l d  at  t h e  
boundary between the  plasma and t h e  shea th ,  t h e  e f f e c t  upon 
e l e c t r o n  trajectories w o u l d  be complicated i f  t h e  trajectories 
n e s s  of t h e  sheath is of the  order of the  D e b y e  l e n g t h ,  For 
t y p i c a l  plasma parameters  i n  space, t h i s  l e n g t h  is '1 c e n t i m e t e r ,  
be ing  a t  its minimum va lue  for  those r e g i o n s  i n  t he  peak of 
t h e  F2 l a y e r .  For t h e  meters d i s c u s s e d  i n  t he  pretrious s e c t i o n s ,  
t h e  e l e c t r o n  trajectories of i n t e r e s t  are c o n f i n e d ,  i n  general ,  
w i t h i n  d i s t a n c e s  which are small compared t o  t h e  shea th  t h i c k -  
n e s s .  These c o n s i d e r a t i o n s  do act t o  place some restrictions 
meter dimensions to  enhance t h e  meter s e n s i t i v i t y  would no t  be 
allowable i f  t h e  excur s ion  of the  electron trajectories away 
ranged through s u b s t a n t i a l  p o r t i o n s  of t h i s  shea th .  The th ick-  I 
I 
I 
upon t h e  allowable size of the  meter. An upward s c a l i n g  of t h e  I 
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from the  v e h i c l e  s u r f a c e  were t o  become comparable t o  the  plasma 
shea th  t h i c k n e s s .  
V. VEXXCL6 CBARGING EFFECTS 
The e l e c t r o n  c u r r e n t s  i n  t h e  E-meters t e r m i n a t e  fo r  t h e  
greater part u p n  the Eeter seri ing e lements .  Zowever, a Zrac- 
t i o n  of t h e  emitted c u r r e n t  c a n  escape from t h e  v e h i c l e .  T h i s  
c o n d i t i o n  is enhanced, moreover, i f  t he  v e h i c l e  is a t  a n e g a t i v e  
p o t e n t i a l  w i t h  respect t o  t h e  s p a c e  plasma. The e x t e n t t o  which 
t h i s  c u r r e n t  f l o w  away from t h e  spacecraft affects the  v e h i c l e  
p o t e n t i a l  w i l l  be determined by t h e  magnitude of t h e  v a r i o u s  
p a r t i c l e  c u r r e n t s  t o  and from t h e  spacecraft. If a n  electric 
p r o p u l s i o n  u n i t  is on the  spacecraft, t h e  c u r r e n t s  f r o m  t h e  
t h r u s t o r  are a t  least f o u r  orders of magnitude greater t h a n  
the  B-meter c u r r e n t s  and,hence, t o t a l l y  dominate t h e  c o n d i t i o n s  
of the  v e h i c l e  p o t e n t i a l .  For a "passive" spacecraft, t h e  
par t ic le  c u r r e n t s  are d e r i v e d  from t h e  space plasma, t h e  solar 
uv and the  E-meter. S ince  t he  s p a c e c r a f t  c u r r e n t  f r o m  t h e  
plasma depends upon t h e  t o t a l  area of t h e  spacecraft, a c u r r e n t  
d e n s i t y  of t h e  order of 1 pamp/cm o v e r  t he  spacecraft may 
produce c u r r e n t s  cons ide rab ly  i n  e x c e s s  of t h e  E-meter  c u r r e n t s  
and y e t  p r e s e r v e  a f a v o r a b l e  s igna l - to -no i se  r a t io  in t h e  
E-meter o p e r a t i o n .  Thus, t he  c o n d i t i o n  
2 
J- 1 E-meter  ,>,1 
J lplasma 
a t  t h  c u r r e n t  s e n s i n g  e lements  of t h e  E-me-er  is p o s s i b l e ,  
even though J lplasma %eh > *  J -  (E-meter %-meter, where Aveh 
is a n  e f f e c t i v e  area of t h e  s p a c e c r a f t  f o r  t h e  c o l l e c t i o n  of 
plasma c u r r e n t s  and +-meter is t h e  area of t h e  c o l l e c t i n g  
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plasma Aveh 22'- E -me te r  sensors of  t h e  meter. I f ,  however, j 
fo r  smaller s p a c e c r a f t  o r  i n  more d i l u t e  regions of t h e  *&meter 
space plasma, t h e n  t h e  E-meter  d e s i g n  shou ld  be modif ied t o  
p reven t  t h e  escape of s i g n a l  c u r r e n t s  from the  meter t o  t h e  
su r round ing  plasma. This  m o d i f i c a t i o n  has been made through 
r a i s i n g  the  c u r r e n t  collecting e lements  from t h e  p l a n a r  geometry 
i n t o  a shallow vee, 
V I  , CONCLUSIONS 
S e v e r a l  c o n f i g u r a t i o n s  of emis s ive  E-meters  have been 
examined. The meters have d i s p l a y e d  a range  of s e n s i t i v i t i e s  
t o  electric f i e l d s .  By s u i t a b l e  s h i e l d i n g  of t h e  f i l a m e n t  or 
by a d iminu t ion  i n  the e l e c t r o n  trajectories, f i e l d s  i n  t h e  
1 to  100 'V/cm range may be measured. 
electric f i e l d s  is ob ta ined  by i n c r e a s i n g  the  length of t h e  
e l e c t r o n  trajectories or  by t h e  u s e  of p a r t i c u l a r  geometrical 
c o n f i g u r a t i o n s .  For t h e  more s e n s i t i v e  m e t e r s ,  it has  been 
demonstrated that f i e l d  s t r e n g t h s  of 1 V/cm can  be determined 
w i t h i n  0.1 V/cm. 
S e n s i t i v i t y  t o  w e a k  
The frequency response  of t h e  meters has been examined 
and r anges  from the  dc to  t h e  l o w  r f  r eg ion .  The meters have 
demonstrated that t h e y  are not  affected by t h e  p resence  of 
magnetic f i e l d s  a t  the l e v e l  of t he  earth's magnetic f i e l d ,  
The s i g n a l  c u r r e n t s  i n  the  meter are at about  t w o  orders of 
magnitude above the  n o i s e  c u r r e n t s  from t h e  space plasma and 
are f i v e  orders of magnitude above the  solar p h o t o c u r r e n t s .  
The meters are, t h u s ,  i n s e n s i t i v e  t o  background s i g n a l s  due t o  
the  space environment.  
Ruggedness of t h e  meter s t r u c t u r e  t o  shock and v i b r a t i o n  
has  been demonstrated. The r e q u i r e d  power fo r  the  meter 
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operat$.on is 4 watts. F u r t h e r  r e d u c t i o n s  i n  t h i s  power are 
possible through a reduced f i l a lnen t  l e n g t h  o r  by a reduced 
filament diameter. 
No single optimum c o n f i g u r a t i o n  of the  e m i s s i v e  E-meter 
has emerg6d. R a t h e r  a breadth of c a p a b i l i t y  has been demonstrated, 8 
and t h e  u l t i m a t e  c o n f i g u r a t i o n  of a meter for a specific measur- 
ing task mould reml? fro= ths adaptation of t h e  whole range of 
meter capabilities t o  the p a r t i c u l a r  demands of t he  spacecraft. 
. 
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